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Weathering  steels  are  low-alloy  steels  which  contain  less  than  three  percent  total  of 
copper,  chromium,  nickel,  phosphorous,  and  silicon.  When  exposed  in  atmospheric 
environments,  these  steels  display  a  corrosion  resistance  two  to  eight  times  that  of  plain- 
carbon  steels.  No  enhanced  corrosion  resistance  is  observed  for  continuous  immersion 
exposures.  The  goal  of  this  study  was  to  discover  the  role  of  the  chromium  addition  in  the 
superior  corrosion  resistance  displayed  by  weathering  steels. 

During  atmospheric  corrosion,  steels  are  subjected  to  alternate  periods  of  wetting 
and  drying  as  a  result  of  precipitation  and  subsequent  evaporation.  Under  these 
conditions,  electrochemical  reactions  consist  mainly  of  oxygen  reduction  and  iron 
dissolution.  Corrosion  current  can  be  monitored  barometrically  without  disturbing  the 


thin  electrolyte  layer  present.  A  barometric  technique  was  used  to  study  the  effect  of 
small  chromium  additions  on  the  electrochemistry  of  iron  during  wetting  and  drying.  Iron- 
chromium  binary  alloys  with  chromium  concentrations  in  the  range  of  zero  to  five  weight 
percent  were  used.  Alloys  were  studied  after  various  periods  of  pre-exposure  ranging 
from  the  first  four  wet/dry  cycles  to  three  years  equivalent  exposure. 


Corrosion  product  phase  form  and  composition  were  analyzed  with  x-ray 
diffraction.  Corrosion  product  morphology  was  analyzed  with  scanning  electron 
microscopy   Chromium  distribution  in  the  corrosion  product  layers  of  corroded  samples 
were  determined  by  applying  electron  microprobe  wavelength-dispersive  x-ray  analysis  to 
cross-sectioned  samples.  Electrochemical  characteristics  of  iron-chromium  binary  alloys 
was  determined  by  potentiostatic  polarization  in  solutions  similar  to  those  found  on  the 
surfaces  of  atmospherically-exposed  steels. 
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CHAPTER  1 
INTRODUCTION 

Weathering  steels  are  low-alloy  steels  which  display  enhanced  resistance  to 
atmospheric  corrosion  when  compared  with  plain  carbon  steels.  The  alloying  elements 
include  copper,  chromium,  nickel,  phosphorous,  and  silicon,  with  less  than  3w/o  total 
alloying  additions.1  Results  of  both  field  and  laboratory  studies  have  shown  that,  in  an 
exposure  environment  where  the  steels  are  periodically  wetted  and  dried,  the  corrosion 
rate  is  between  two  and  eight  times  less  than  that  displayed  by  plain  carbon  steels.2  This 
improved  performance  is  only  seen  when  the  steels  are  exposed  in  periodic  wetting,  and, 
no  improvement  is  seen  for  continuous  immersion  environments.3 

The  chromium  concentrations  in  weathering  steel  are  insufficient  to  cause  the 
formation  of  an  epitaxial,  mixed-metal  oxide  passive  film  such  as  those  found  on  stainless 
steels.  It  is  thought  that  the  alloying  additions  function  by  promoting  the  formation  of  a 
dense,  adherent  layer  of  iron  corrosion  products.  Many  studies  have  been  done  to 
characterize  this  protective  corrosion  product  layer,  or,  "patina".4"21  From  these  studies, 
the  structure,  morphology,  and  chemical  properties  of  the  weathering  steel  patina  are  fairly 
well  known.  What  is  not  well-understood,  however,  is  the  role  of  individual  alloying 
additions  in  the  formation  of  this  protective  patina.  Since  the  chemistries  of  the  alloying 
additions  are  different,  it  is  unlikely  that  each  one  will  have  the  same  effect.  The  goal  of 


this  study  is  to  discover  the  role  of  the  chromium  addition  in  the  enhanced  atmospheric 
corrosion  performance  of  weathering  steels  exposed  in  S02-contaminated  environments 

As  atmospheric  corrosion  is  electrochemical  in  nature,  corrosion  reactions  on  the 
steel  surface  will  consist  of  both  anodic  and  cathodic  reactions.  In  this  case,  the  anodic 
reaction  is  metal  dissolution.  Due  to  the  small  thickness  of  electrolyte  layers  which  are 
present  during  atmospheric  corrosion,  oxygen  is  readily  available,  and,  therefore,  is  almost 
always  the  predominant  cathodic  reaction.  Resistance  to  atmospheric  corrosion  will  be 
increased  if  the  rate  of  either  the  anodic  or  the  cathodic  reactions  is  decreased.  Since  the 
chromium  levels  in  weathering  steel  are  too  low  to  promote  the  formation  of  a  epitaxial, 
mixed-metal  oxide  passive  film,  it  is  unlikely  that  the  chromium  in  weathering  steels  is 
having  a  significant  effect  on  the  metal  dissolution  reaction.22"24  It  is  more  likely, 
therefore,  that  chromium  is  affecting  the  cathodic  reaction. 

Since  oxygen  for  the  oxygen  reduction  reaction  is  supplied  by  the  gas  phase  (air) 
above  the  electrolyte  layer,  it  must  diffuse  through  the  electrolyte  until  it  reaches  a  surface 
which  is  in  electrical  contact  with  the  dissolving  metal.  Rapid  rates  of  oxygen  reduction 
are,  therefore,  dependent  on  a  continuous  physical  and  electrical  pathway  to  the  metal 
surface.  A  tight,  nonporous  patina  of  corrosion  products  will  decrease  the  rate  of  oxygen 
reduction  simply  by  decreasing  the  rate  of  oxygen  mass-transport.  If  the  chromium 
addition  is  able  to  promote  the  formation  of  denser,  less  porous  iron  corrosion  products, 
the  rate  of  oxygen  reduction,  and,  therefore,  the  rate  of  corrosion  will  decrease.  If  a 
corrosion  product  layer  is  conductive,  it  can  provide  an  enormous,  easily-accessible 
surface  for  oxygen-reduction  to  take  place.  In  this  case,  the  corrosion  product  patina 


would  enable  higher  rates  of  oxygen  reduction  than  could  be  supported  on  the  bare  metal 
surface.  Since  many  iron  corrosion  products  are  conductive,  their  formation  can  increase, 
rather  than  decrease  the  rate  of  atmospheric  corrosion  on  steels.  If  the  chromium  addition 
in  the  steel  can  decrease  the  electrical  conductivity  of  the  corrosion  product  patina  the 
rate  of  oxygen-reduction  on  the  metal  surface  will  decrease,  as  will  the  corrosion  rate. 


Intuitively,  limiting  the  rate  of  oxygen  reduction  appeared  to  be  the  most  likely 
method  by  which  the  chromium  additions  could  decrease  the  overall  corrosion  rate  of 
weathering  steels.  Experiments  were  conducted  which  allowed  the  measurement  of  the 
rate  of  oxygen  reduction  on  samples  as  a  function  of  the  chromium  concentration  in  the 
metal.  Chromium  concentrations  were  initially  limited  to  <lw/o  in  order  to  remain  close 
to  the  chromium  concentrations  found  in  commercial  weathering  steels.  Since  periodic 
wetting  and  drying  is  essential  to  the  performance  of  weathering  steels,  oxygen  reduction 
experiments  were  done  under  conditions  of  periodic  wetting.3  Samples  were  studied  both 
in  the  first  few  wet/dry  cycles  and  after  one,  and  three  years  equivalent  wetting  and  drying 
exposure  using  a  special  dynamic  alternate  immersion  apparatus.  A  non-invasive 
barometric  technique  was  used  to  measure  the  rate  of  oxygen  reduction  during  different 
parts  of  single  wetting  and  drying  cycles  on  pure  iron  and  various  iron-chromium  binary 
alloys. 

Since  the  density,  porosity,  and  electrical  conductivity  of  the  corrosion  product 
layer  can  substantially  influence  the  oxygen  reduction  reaction,  it  was  necessary  to 
determine  what  effect  if  any  that  chromium  has  on  the  morphology,  phase  form,  and 
porosity  of  the  corrosion  products  which  formed  during  cyclic  wetting  and  drying. 


Corrosion  product  morphology  and  porosity  were  determined  by  observation  with 
scanning  electron  microscopy  (SEM).  Corrosion  product  phase  form  was  determined 
using  x-ray  diffraction  (XRD) 

A  few  previous  long-duration  field  studies  have  shown  that,  after  extremely  long 
periods  of  periodic  wetting  exposure,  many  of  the  weathering  steel  alloying  additions  will 
enrich  at  the  rust/metal  interface.1213  It  is  known  from  potentiodynamic  electrochemical 
studies  of  iron-chromium  binary  alloys,  that,  at  concentrations  as  low  as  5w/o,  chromium 
gives  promise  of  facilitating  iron  passivation.22"24  If  the  corrosion  reaction  were  able  to 
enrich  chromium  to  these  levels,  it  would  explain  the  effect  on  the  metal  dissolution 
reaction,  as  well  as  the  oxygen  reduction  reaction.  In  order  to  investigate  this  possibility, 
iron-chromium  binary  alloys  containing  2-5  w/o  Cr  were  tested  using  the  same  apparatus 
and  procedures  as  were  applied  to  the  lower  chromium  alloys,  and  the  results  were 
compared.  Of  particular  importance  was  the  observation  that  chromium  enrichment  was 
observed,  but  was  not  effective  until  the  local  chromium  concentration  at  the  reaction 
interface  approached  about  5%.  Chromium  enrichment  was  determined  by  cross- 
sectioning  samples  after  testing  and  estimating  chromium  levels  by  x-ray  wavelength 
dispersive  spectroscopy. 


CHAPTER  2 
LITERATURE  SURVEY 


Discussion  of  previous  weathering  steel  studies  is  divided  into  five  different 
sections:  alloy-based  exposure  studies,  characterization  of  weathering  steel  corrosion 

* 

products,  structure  and  formation  of  iron  oxides  and  oxyhydroxides,  electrochemistry  of 
iron-chromium  alloys,  and  fundamental  atmospheric  corrosion  studies. 

Alloy-Based  Exposure  Studies 
Several  investigations  have  been  conducted  to  find  the  effect  of  individual  alloying 

additions  on  the  corrosion  rate.25"28  In  all  of  these  studies,  the  quantity  of  each  alloying 

element  was  systematically  varied,  and  the  resulting  change  in  corrosion  rate  was 

measured.  Exposure  protocols  included  both  field  and  laboratory  environments. 

Field  Exposure  Studies 

In  a  study  by  Larrabee  and  Coburn,  270  different  samples  were  exposed  in  various 

locations  for  15.5  years.25  Performance  was  determined  by  weight-loss  methods.  Table  2- 

1  shows  the  variation  of  metal  loss  with  chromium  concentration  for  samples  exposed  in 

an  SO2  environment.  One  sample  of  each  composition  was  used. 

In  a  study  by  Taylor,  Boden,  and  Holmes,  steel  samples  with  various  chromium 
concentrations  were  exposed  for  three  months  during  both  summer  and  winter  in  an  S02- 
contaminated  environment.26  One  sample  of  each  composition  was  used    Performance 
was  determined  by  weight  loss.  These  results  are  shown  in  Table  2-2. 


In  a  study  by  Hudson  and  Stanner,  steel  wire  and  plate  samples  of  various 
chromium  concentrations  were  exposed  for  1,2,  and  5  years.27  The  metal  losses  for  each 
shape  sample  and  exposure  duration  were  averaged  and  expressed  as  a  corrosion  index  in 
microns  per  year.  These  results  are  shown  in  Table  2-3. 

In  a  study  by  Maxwell,  various  iron-chromium  binary  alloys  were  exposed  for  10 
years.     One  sample  of  each  chromium  concentration  was  exposed    These  results  are 
shown  in  Table  2-4 

As  can  be  seen  in  Tables  2-1  through  2-4,  an  increase  in  chromium  concentration 
led  to  a  decrease  in  corrosion  rate.  The  one  exception  to  this  trend  is  the  Fe-0.61  w/o  Cr 
sample  in  the  study  by  Larrabee  and  Coburn  where  the  chromium  addition  resulted  in 
1  44X  increase  in  corrosion  rate. 

Accelerated  (laboratory)  Tests 

Although  accelerated  laboratory  tests  cannot  exactly  duplicate  the  type  of 

exposure  seen  in  the  field,  they  do  provide  a  more  controlled  environment  for  quantifying 

the  effect  of  alloying  additions.  The  results  of  the  two  studies  described  below  show  how 

metal  loss  varied  with  chromium  concentration  in  a  variety  of  controlled  exposure 

environments. 


Table  2-1 
Metal  Loss  vs  Cr  Concentration  For  1 5  Years  Exposure 


Chromium  Concentration 
(%) 

Metal  Loss  (mils) 

Percent  Improvement  Over 
Base 

<0.1 

28.8 

base 

061 

41.7 

-45 

1.20 

16.5 

43 

(Larrabee  and  Coburn,  1961) 
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Table  2-2 
Metal  Loss  vs  Cr  Concentration  For  Three  Month  Exposure  Durations 


Cr  composition 
(%) 

Summer  Metal 
Loss  (mg/cm2) 

Percent 
Improvement 

Winter  Metal 
Loss  (mg/cm2) 

Percent 
Improvement 

0 

15.2 

base 

111 

base 

1 

11.3 

26 

9.4 

15 

5 

8.4 

45 

5.6 

50 

10 

2.7 

82 

3.0 

73 

(Taylor,  Boden,  and  Holmes,  1971) 


26 


Cr  Concentration  (%) 


1.5 


2.0 


2.5 


Table  2-3 
Annual  Metal  Loss  vs  Cr  Concentration 


Corrosion  Index  (u/yr) 


93.5 


64.5 


61.2 


52.5 


50.5 


(Hudson  and  Stanner,  1955) 


.27 


Percent  Improvement 


base 


31 


35 


44 


46 


Table  2-4 
Metal  Loss  vs  Cr  Concentration  For  Ten  Years  Exposure  Duration 


Cr  Concentration  (%) 

Metal  Loss  (g/cm2) 

Percent  Improvement 

0 

0.18 

base 

3.1 

0.04 

78 

5.7 

0.038 

79 

7.7 

0.014 

92 

(Maxwell) 
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In  a  study  by  Taylor,  Boden  and  Holmes,  pure  iron  and  various  iron-chromium 
binary  alloys  were  subjected  to  continuous  exposure  in  a  fog  chamber.26  Samples  were 
exposed  300  hours  in  90%  relative  humidity  (RH),  and  0  Olppm  S02.  The  results  of  their 
study  are  shown  below  in  Table  2-5. 

In  a  study  by  Schwitter  and  Bohni,  steels  with  chromium  contents  between 
O.Olw/o  and  0.75w/o  were  exposed  to  cyclic  wetting  and  drying 29  Two  different 
protocols  were  used:  one  in  which  samples  were  wet  46%  of  the  time,  and  one  where 
samples  were  wet  77%  of  the  time.  In  each  protocol,  the  S02  concentration  was  20ppm. 
The  results  of  their  study  are  shown  below  in  Table  2-6. 

From  the  results  of  both  field  and  accelerated  exposure  studies,  it  can  be  seen  that 
in  general,  chromium  in  low  concentrations  causes  some  improvement  in  the  atmospheric 
corrosion  performance  of  iron  and  steels. 

Characterization  Of  The  Weathering  Steel  Patina 
Heretofore,  the  great  majority  of  weathering  steel  studies  have  been  aimed  toward 

characterization  of  the  protective  patina  which  forms  on  the  steels  during  exposure.  In 

most  of  these  studies,  weathering  steels  were  exposed  either  in  the  field,  or  by  accelerated 

methods,  and  the  resulting  corrosion  products  were  studied  by  a  variety  of  methods.  The 

review  of  these  studies  is  broken  down  by  type  of  characteristics  investigated,  these 

include  composition  and  phase  form,  morphology,  porosity,  and  surface  area,  and 

electrochemical  properties. 
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Table  2-5 
Metal  Loss  vs  Chromium  Content  For  Continuous  Humid  Exposure 


Alloy 

Metal  Loss 
(mg/cm2) 

Percent 
Improvement 

pure  Fe 

3.49 

base 

Fe-lw/oCr 

3.32 

5 

Fe-5w/o  Cr 

0.85 

76 

(Taylor,  Boden,  and  Holmes,  1971) 
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Table  2-6 
Metal  Loss  vs  Chromium  Content  In  Cyclic  Wetting  And  Drying 


Alloy 
(w/oCr) 

weight  loss 
(46%  wet  time) 

Percent 
Improvement 

weight  loss 
(77%  wet  time) 

Percent 
Improvement 

0.01 

78g/m2 

base 

161g/m2 

base 

0.75 

61g/m2 

22 

122g/m2 

24 

(Schwitter  and  Bohni,  1980) 
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Morphology.  Porosity,  and  Surface  Area 

Protective  weathering  steel  rusts  have  been  found  to  have  a  "two-layer"  structure. 

Observation  by  optical  microscopy  has  shown  the  inner  layer  to  be  optically  inactive,  and 
the  outer  layer  optically  active.4  Accordingly,  the  outer  layer  was  considered  to  be  well- 
crystallized,  and  the  inner  layer  amorphous  5  The  inner  (amorphous)  layer  was  found  to 
be  more  compact  and  uniform  than  plain-carbon  steel  rusts,  and  was  also  found  to  contain 
a  larger  fraction  of  bound  water.6  Separate  analysis  of  inner  and  outer  weathering  steel 
layers  has  shown  a  higher  number  of  pores  in  outer  layer.7  The  inner  (amorphous)  layer  in 
the  weathering  steel  patina  is  generally  thought  to  be  responsible  for  the  enhanced 
corrosion  resistance  displayed  by  weathering  steels 8 

Surface  area  studies  using  BET  analysis  have  shown  that,  while  the  specific  surface 
area  of  weathering  steel  rusts  is  higher  than  that  of  plain  carbon  steels,  the  average  pore 
diameters  were  smaller.9  When  the  size  distribution  of  these  defects  was  measured  as  a 
function  of  time,  the  average  size  of  the  pores  in  the  weathering  steel  rusts  decreased  with 
time,  while  those  of  plain  carbon  steels  did  not.10  This  result  is  important  since  studies 
with  radioactive    S  have  shown  that  sulfate  ions  penetrate  rust  films  only  through 
macroscopic  defects  such  as  cracks  and  large  pores.10  SEM  observation  of  weathering 
steel  rusts  showed  particle  sizes  between  0.5mm  and  4.5mm,  layer  thicknesses  of  0.5mm 
to  1  0mm,  and  four  or  five  layers  total. n 

Elemental  analysis  of  both  field  exposure  samples  and  accelerated  testing  samples 
has  shown  that  copper,  chromium,  phosphorous,  and  sulfur  each  was  enriched  to  some 


12 

extent  in  and  below  the  corrosion  product  layer.12  In  some  studies,  enrichment  of  alloying 
elements  was  only  found  in  the  atmospheric  corrosion  pits.13 

The  results  of  these  studies  indicate  that  weathering  steel  rust  patinas  are  denser, 
less  porous,  and,  therefore,  better  able  to  impede  the  transfer  of  oxygen  to  the  metal 
surface. 

Phase  Form  and  Composition 

Weathering  steel  patinas  consist  of  a  mixture  of  different  iron  oxides  and 

hydroxides   Many  studies  have  been  undertaken  to  determine  the  phase  forms  of  these 

oxides  and  hydroxides  in  both  the  inner  and  outer  layers  of  the  patina.  Misawa,  Asami, 

Hashimoto,  and  Shimodaira,  using  infra-red  (IR)  spectroscopy,  XRD,  and  SEM  found  the 

inner,  amorphous  layer  of  the  weathering  steel  patina  to  consist  of  amorphous  ferric 

oxyhydroxides,  whereas  Brown  and  Keiser,  using  Raman  spectroscopy,  found  it  to  consist 

almost  exclusively  of  6-FeOOH.1415  A  similar  analysis  using  Mossbauer  spectroscopy 

showed  both  inner  and  outer  layers  to  consist  of  a  mixture  of  a  and  y-FeOOH,  with  the 

inner  layer  having  a  a-FeOOH  fraction  almost  twice  as  high  as  the  outer  layer. 16  Separate 

analysis  of  the  inner  and  outer  layers  of  the  weathering  steel  patina  by  Meybaum  showed 

both  layers  to  consist  of  a  mixture  of  a,  y,  and  5-FeOOH,  as  well  as  a  small  quantity  of 

magnetite.7 

Mossbauer  spectroscopy  has  been  used  to  study  not  only  the  overall  phase  form, 
but  also  particle  sizes  in  weathering  steel  rusts.1617  In  a  study  by  Rezaie  and  Cook, 
conversion  electron  Mossbauer  spectroscopy  (CEMS)  and  transmission  electron 
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Mossbauer  spectroscopy  (XMS)  were  used  to  study  weathering  steel  rusts  from  samples 
exposed  in  both  rural  and  marine  environments.18  The  results  showed  the  rusts  from  both 
sites  to  consist  of  a  mixture  of  ferrihydrite,  y-FeOOH,  and  a-FeOOH    Additionally,  they 
found  that  longer  wetting  durations  tended  to  favor  smaller  a-FeOOH  crystallite  sizes. 
Additional  XMS  and  CEMS  studies  by  Cook  on  a  5.4  year  marine  exposure  and  a  5.7  year 
rural  exposure  revealed  an  overall  rust  composition  of  ferrihydrite  and  a-FeOOH  plus  a 
crusty  "amorphous  oxyhydroxide"  that  was  not  possible  to  characterize. 19  A  study  by 
Namura  using  CEMS  and  XMS  on  a  weathering  steel  sample  exposed  15  years  in  an 
urban  environment  showed  the  rust  patina  to  consist  of  a  mixture  of  a-FeOOH,  y-FeOOH, 
y-Fe203,  and  magnetite. n 

As  shown  in  the  results  of  the  studies  above,  the  composition  and  phase  forms  of 
iron  oxides  and  oxyhydroxides  vary  widely  with  both  exposure  location  and  exposure 
time    The  composition  of  the  poorly-crystallized  components  of  the  patina  is  not  clear 

Electrochemical  Characteristics 

Electrochemical  studies  of  weathering  steels  have  included  both  potentiostatic 

polarizations  and  galvanostatic  reduction.  Potentiodynamic  polarizations  were  conducted 

mainly  to  obtain  general  electrochemical  characteristics.  Galvanostatic  reduction 

experiments  were  often  conducted  in  combination  with  a  spectroscopic  technique  which 

allowed  detection  of  species  formed  and  species  reduced  during  the  galvanostatic 

reduction. 
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Schwitter  and  Bohni  ran  anodic  polarizations  on  both  plain-carbon  and  weathering 
steels  subjected  to  an  "accelerated  exposure"  consisting  of  fourteen  twelve-hour  wet/dry 
cycles  with  a  wet-time  fraction  of  46%.26  Both  the  plain-carbon  and  weathering  steels 
showed  a  large,  broad  anodic  peak  between  -400mV  SCE  and  400mV  SCE.  The  anodic 
peak  on  the  weathering  steel  was  forty  percent  lower  than  that  of  the  plain  carbon  steel. 
Matsushima  and  Ueno  used  potentiodynamic  techniques  to  measure  the  open-circuit 
corrosion  current  of  plain-carbon  and  weathering  steels  periodically  throughout  the  course 
of  a  two  year  exposure.20  The  corrosion  currents  on  the  weathering  steel  samples  were 


consistently  between  30%  and  80%  lower  than  those  on  the  plain  carbon  steel  samples. 
The  same  investigators  examined  the  cathodic  polarization  behavior  of  5.5  month 
exposure  weathering  steel  in  both  aerated  and  deaerated  sodium  sulfate  solution.  The 
change  in  limiting  current  density  on  changing  from  aerated  to  deaerated  solution 
indicated  that  oxygen  reduction  was  not  the  sole  reduction  reaction  occurring  on  the  metal 
surface.  From  these  results  it  was  inferred  that  trivalent  iron  oxyhydroxide  species  were 
being  reduced  on  the  metal  surface. 

Suzuki,  Masuko,  and  Hisamatsu  performed  galvanostatic  reduction  experiments  on 
weathering  steel  and  plain  carbon  steel  samples  exposed  three  years  in  an  urban 
environment.21  Reduction  was  performed  in  dearated  0. 1M  sodium  sulfate  solution.  X- 
ray  diffraction  was  used  to  track  the  formation  of  magnetite  as  a  function  of  current 
passed.  The  results  of  the  experiment  showed  that,  while  the  electrode  potentials  of 
weathering  steel  and  plain  carbon  steel  samples  were  similar,  the  rate  of  formation  of 
crystalline  magnetite  was  much  lower  on  the  weathering  steel  sample    A  galvanostatic 
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reduction  experiment  by  Okada  on  plain  carbon  and  weathering  steel  samples  subjected  to 
five  years  of  urban  exposure  showed  a  larger  reduction  plateau  between  -930mV  SCE  and 
-950mV  SCE  for  the  weathering  steel  sample.5  Although  this  is  the  electrode  potential 
normally  associated  with  magnetite,  XRD  showed  the  weathering  steel  sample  to  contain 
less  magnetite  than  the  plain  carbon  steel  sample.  The  reduction  plateau  was,  therefore, 
attributed  to  an  "amorphous,  spinel-type"  iron  oxide. 

Galvanostatic  reduction  of  the  inner  layer  of  a  weathering  steel  patina  was 
performed  by  Brown  and  Keiser.15  The  authors  separated  inner  and  outer  layers  by 
sanding  off  the  outer  layers  with  abrasive  paper.  Results  of  their  work  showed  a  reduction 
peak  between  -0.83  and  -1  00V  SCE,  corresponding  to  reduction  of  a  mixture  of  8  and  y- 
FeOOH.  IR  spectra  taken  before  and  after  reduction  confirmed  the  initial  corrosion 
products  to  be  5  and  y-FeOOH,  and  showed  the  reduction  product  to  be  magnetite. 

From  the  results  of  the  studies  described  above,  it  can  be  seen  that  exposed 
weathering  steels  exhibit  a  lower  rate  of  anodic  dissolution  than  a  similarly  exposed  plain 
carbon  steel.  It  has  also  been  shown  that  the  corrosion  products  in  the  weathering  steel 
patina  can  be  reduced  electrochemically,  and  that  the  reduction  products  are  normally 
magnetite,  or  another  spinel  type  oxide 

Corrosion  Product  Basics 
A  considerable  amount  of  work  has  been  done  in  characterizing  the  structures  and 

mechanisms  of  formation  of  iron  oxides  and  oxyhydroxides.30"33  Although  most  of  these 

studies  have  been  done  on  samples  formed  directly  from  solution  rather  than  on  corroding 
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metals,  their  results  are  useful  for  predicting  the  likelihood  of  various  phase 
transformations  of  corrosion  products 

The  most  comprehensive  study  of  formation  mechanisms  of  iron  oxides  and 
oxyhydroxides  was  done  by  Misawa,  Hashimoto,  and  Shimodaira.30  Figure  2-1  shows  a 
schematic  which  summarizes  the  reaction  pathways  described  in  their  study. 

Table  2-7  contains  a  summary  of  crystallographic  information  for  the  iron  oxides 
and  oxyhydroxides  which  can  form  on  steel  exposed  in  SO2  environments.31  From  a 
corrosion  standpoint,  some  of  the  most  important  crystallographic  information  is  the  type 
of  close-packed  oxygen  lattice  that  forms  the  basis  for  the  oxide.  Species  both  of  which 
are  based  on  the  same  type  of  oxygen  close-packed  lattices  will  require  less  time  and 
energy  to  transform.  This  becomes  important  in  predicting  whether  or  not  a  certain 
species  is  likely  to  form  under  reducing  conditions. 

Investigations  have  been  made  into  the  effect  of  Cu+~  on  the  structure  and 
morphology  of  colloidally-formed  y-FeOOH 32,33  In  one,  y-FeOOH  was  synthesized  from 
an  FeS04  solution  with  0  to  50  atomic  percent  CuS04  added.32  SEM  observation  of  the 
resultant  y-FeOOH  particles  showed  the  particles  to  be  roughly  elliptical  in  shape  with  the 
length  decreasing  as  the  Cu++  concentration  increased.  XRD  analysis  showed  that  the 
interplanar  spacing  of  the  (03 1)  plane  increased  from  0.247nm  to  0.252nm  with  Cu" 
doping.  This  increase  in  interplanar  spacing  was  thought  to  be  due  to  lattice  distortion 
from  substitution  of  the  larger  diameter  Cu++  ion  for  Fe+++.  Most  importantly,  the  Cu"*- 
doped  y-FeOOH  had  a  lower  electrical  conductivity  than  undoped  y-FeOOH.  This  is 
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Table  2-7 
Crystallographic  Information  For  Various  Iron  Corrosion  Products 


Compound 

Crystal 
System 

Dimensions 
(nm) 

Oxygen  layer 
sequence 

Structure  Notes 

green  rust  II 

hexagonal 

a=0.317 
c=1.09 

-ABAC- 

4  oxygen  layers 

Fe304 
(magnetite) 

cubic 

a=0. 83963 

-ABC- 

inverse  spinel 

y-FeOOH 
(lepidocrocite) 

orthorhombic 

a=0.388 
b=1.254 

c=0.307 

-ABC- 

based  on  ccp 
oxygen 

cc-FeOOH 

(goethite) 

orthorhombic 

a=0.464 

b=1.00 

c=0.303 

-AB- 

based  on  hep 
oxygen 

5-FeOOH 

hexagonal 

a=0.2941 
c=0.449 

-AB- 

disordered  CdI2 
structure 

y-Fe203 

cubic 

8=0.833 

-ABC- 

spinel 

(Fasiska, 

1967)31 
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important  for  atmospheric  corrosion  resistance  since  a  lower  conductivity  rust  layer  will 
result  in  a  lower  oxygen  reduction  rate,  and,  therefore,  a  lower  overall  corrosion  rate.33 

Electrochemistry  Of  Iron  And  Iron-Chromium  Alloys 
Although,  as  stated  earlier,  it  is  unlikely  that  the  chromium  additions  in  weathering 

steels  promote  the  formation  of  a  mixed-metal  oxide  passive  film  such  as  those  seen  in 

stainless  steel,  it  is  possible  that  the  chromium  additions  still  have  an  effect  on  the  anodic 

dissolution  during  atmospheric  exposure.  Since  any  decrease  in  the  Fate  of  either  the 

anodic  or  cathodic  reactions  will  result  in  an  improvement  in  corrosion  resistance,  it  is 

important  to  investigate  the  known  effect  of  chromium  on  anodic  dissolution  of  iron. 

Diagrams  have  been  constructed  which  show  regions  of  stability  for  various  iron 
and  chromium  species  vs  potential  and  pH.34  These  diagrams  can  be  used  to  predict  the 
species  formed  when  the  metal  surface  is  covered  with  a  thick,  reasonably  dilute 
electrolyte  layer.  As  the  metal  dries  and  the  electrolyte  layer  thins,  the  rate  of  the  oxygen 
reduction  reaction  increases,  as  does  the  pH  and  concentration  of  species  in  solution. 
Unfortunately,  due  to  the  extremely  small  thickness  of  the  electrolyte  layer  during  drying, 
measurement  of  corrosion  potential  and  solution  composition  is  very  difficult.  For  this 
reason,  the  potential  and  pH  parameters  necessary  to  use  these  diagrams  are  not  well 
known  for  drying  conditions,  therefore,  the  use  of  these  diagrams  to  predict  stable  species 
under  drying  conditions  is  not  advisable. 

Electrochemical  metal  dissolution  in  almost  any  environment  initially  requires 
penetration  of  the  native  oxide  or  "air-formed  film"  on  the  metal  surface.  Studies  using 
cathodic  reduction  and  electron  diffraction  have  shown  that  the  native  oxide  on  pure  iron 
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consists  of  an  outer  layer  resembling  y-Fe203  with  an  inner  layer  of  Fe304  3536  In  all  cases, 
the  structure  was  cubic  with  the  cation  concentration  decreasing  from  the  inside  to  the 
outer  surface..  Thickness  varied  with  exposure  time,  but,  the  greatest  thickness,  measured 
after  several  hours  in  air,  was  2  5nm.  In  iron-chromium  alloys,  this  film  also  contained  tri- 
valent  chromium,  which  tended  to  make  it  more  protective. 

Several  studies  have  been  conducted  to  determine  the  effect  of  low-level  chromium 
additions  on  the  electrochemical  properties  of  iron  in  acidic  sulfate  solutions.22,23'24'37 
Since  the  S02-contaminated  water  layers  on  weathering  steels  range  from  neutral  to  acidic 
sulfate  environments,  the  results  of  these  studies  provide  useful  information  on  how 
chromium  weathering  steel  additions  might  affect  metal  dissolution  during  exposure 

Tables  2-8  through  2-10,  list  the  results  of  various  anodic  polarization  studies  of 
Fe-Cr  binary  alloys  in  acidic-sulfate  solutions.  In  all  cases,  samples  displayed  active  to 
passive  transitions  with  the  potential  and  current  required  for  passivation  varying  with 
chromium  concentration. 

In  all  cases,  an  increase  in  chromium  concentration  resulted  in  a  decrease  in 
the  charge  necessary  to  passivate.  In  most  cases,  examination  of  the  passive  film  with  x- 
ray  photoelectron  spectroscopy  (XPS),  and  auger  electron  spectroscopy  (AES)  showed  a 
chromium  enrichment  between  three  and  sixteen  times  that  found  in  the  base  metal  with 
the  largest  enrichments  being  seen  for  alloys  with  less  than  one  percent  chromium  in  the 
base  metal.     A  similar  study  was  done  using  a  full  weathering  steel  alloy  in  borate  buffer 
solution.     Under  conditions  which  lead  to  chromium  enrichment  at  the  surface,  the 
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Alloy 


Fe-5Cr 


Fe-7.5Cr 


Fe-lOCr 


Table  2-8 

Potentiostatic  Polarization  Results  For  Fe-Cr  Binary  Alloys  In 

Dearated  0.5M  sulfate  solution,  pH=3 


E  open  circuit 
(mV  vs  NHE) 


-400 


-420 


-400 


E  passive 
(mV  vs  NHE) 


+300 


+  100 


-100 


(El-Basiouny  and  Haruyama,  1976) 
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I  critical  to  passivate 
(A/cm2) 


0.10 


0.01 


0.0075 


Table  2-9 

Potentiodynamic  Polarization  Of  Fe-Cr  Binary  Alloys  In  Dearated  0.5M  H2S04, 

Sweep  Rate  0.  lmv/s,  Sample  Diameter  3mm 


Alloy 


pure  Fe 


Fe-6Cr 


Fe-9Cr 


E  open  circuit 
(mV  vs  Hg/HgSQ4) 


-957 


-989 


■1005 


E  passive 

(mVvs  Hg/HgS04) 


■112 


•184 


-752 


(Dobbelar,  Herman,  and  DeWit,  1992)23 


I  critical  to  passivate 
(A/cm2) 


2.8 


2.4 


0.80 


Table  2-10 
Potentiostatic  Polarization  Of  Fe-Cr  Binary  Alloys  In  Dearated  1  ON  H2S04 


Alloy 

E  open  circuit 
(mV  vs  SHE) 

E  passive 
(mV  vs  SHE) 

I  critical  to  passivate 
(A/cm2) 

pure  Fe 

-300 

+625 

0.5 

Fe-lCr 

-250 

+563 

0.5 

Fe-6Cr 

-250 

+375 

0.25 

Fe-lOCr 

-250 

+219 

0.025 

(Kirchheim,  Heine,  Fischmeister,  Hofrnan,  Knote,  and  Stolz,  1989)24 
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current  required  for  passivation  dropped  by  47.5%.  From  these  results  it  seems  that 
chromium  enrichment  at  the  metal  surface  facilitated  passivation  in  the  environments 
studied.  Although  both  studies  showed  a  correlation  between  Cr  enrichment  and  ease  of 
passivation,  neither  study  gave  much  information  on  the  distribution  of  Cr  relative  to  the 
oxide/metal  interface. 

Atmospheric  Corrosion  Fundamentals 
In  this  section  a  review  is  made  of  studies  whose  goal  was  a  better  understanding 

of  some  of  the  fundamental  processes  which  govern  atmospheric  corrosion  in  general. 

Although  none  of  these  studies  dealt  specifically  with  weathering  steels,  their  results  can 

be  directly  applied  to  weathering  steels  exposed  in  S02-contaminated  environments.  This 

section  has  been  divided  into  five  sections,  each  dealing  with  a  different  fundamental 

process  in  atmospheric  corrosion. 

Formation  of  an  Electrolyte 

Formation  of  a  water  layer  begins  with  H20  adsorption  onto  the  oxyhydroxides  in 

the  outer  layers  of  the  native  oxide   Adsorptive  bonding  occurs  by  bonding  of  H20 

molecules  to  the  OH  groups  of  the  oxyhydroxides  by  formation  of  H-bridges.39  The  water 

which  attaches  in  this  manner  is  bound  to  the  native  oxide  and,  therefore,  can  not  serve  as 

an  electrolyte.  If  the  metal  surface  is  free  from  salts  and  other  impurities,  an  extremely 

high  RH  is  necessary  to  start  the  accumulation  of  free  water  for  an  electrolyte    If 

hydrosgopic  salts  are  present  on  the  metal  surface,  free  water  will  begin  to  accumulate 

when  the  relative  humidity  is  equal  to  the  relative  humidity  in  equilibrium  with  a  saturated 

solution  of  that  salt.40  When  free  water  layers  do  form  they  are  not  typically  continuous  or 

homogeneous.  Iron  surfaces  especially  tend  to  favor  the  formation  of  "water  clusters" 
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which  coarsen  as  more  and  more  water  is  adsorbed  onto  the  surface.  This  discontinuous 
nature  of  the  water  formation  is  at  least  partially  responsible  for  the  discontinuous  sulfate 
distribution  on  exposed  metal  surfaces    Once  corrosion  products  have  formed,  the 
quantity  of  water  present  on  the  metal  surface  will  increase  due  to  the  capillary  action.41'43 

SO?  Interactions 

Atmospheric  SO2  dissolved  in  the  water  layer  on  a  metal  surface  is  hydrolyzed  and 

oxidized  to  form  sulfate  ions  b-y  a  variety  of  reactions.42"45  The  adsorption  rate  of  S02 

varies  with  RH :  below  60-70%RH,  no  S02  adsorption  was  measurable,  but  above 

70%RH  the  adsorption  increased  dramatically    Presence  of  corrosion  products  on  the 

metal  surface  will  also  facilitate  S02  adsorption.42 

In  the  absence  of  chlorides  or  other  corrosive  contaminants,  no  significant 
corrosion  will  occur  without  SO^46  In  addition  to  increasing  the  conductivity  of  the 
surface  water  layer,  sulfate  ions  can  participate  directly  in  the  corrosion  reactions.  Some 
investigators  have  proposed  that  S02  acts  as  a  cathodic  depolarizer  according  to  the 
reaction  below:41 

2S02  +  4e  =  S2-  +  S04  2"  (2-1) 

As  sulfide  compounds  have  not  been  observed  on  atmospherically-exposed  steels, 
the  likelihood  of  this  reaction  is  considered  very  small.42  Many  more  studies  have 
concerned  themselves  with  the  effect  of  sulfate  ion  on  metal  oxidation  reactions.41-42 
Sulfate  is  generally  thought  to  assist  in  metal  oxidation  by  allowing  for  formation  of  an 
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Fe(II)  sulfate  salt.  The  iron  in  the  salt  is  later  converted  to  an  oxyhydroxide,  liberating  the 
sulfate  ion  for  reuse.46 

The  distribution  of  sulfate  on  the  surface  of  atmospherically  exposed  iron  and 
steels  is  not  homogeneous,  but  tends  to  form  "sulfate  nests".47,48  A  cross-section 
schematic  of  a  typical  sulfate  nest  is  shown  in  Figure  2-2. 

Anodic  and  Cathodic  Reactions  in  Atmospheric  Conditions 

The  most  important  distinction  between  atmospheric  electrochemical  reactions  and 

immersion  electrochemical  reactions  is  the  thickness  of  the  electrolyte  layer.  In  the  case  of 

immersion  conditions,  concentrations  of  dissolved  solids  remain  fairly  low,  and  the  supply 

of  dissolved  gases  is  limited.  In  atmospheric  exposure,  electrochemical  reactions  often 
occur  in  extremely  thin  layers  of  electrolyte  where  dissolved  gases  are  much  more  readily 
available,  and  concentrations  of  dissolved  solids  can  become  very  high. 
Anodic  Reactions 

According  to  Barton,  charge  transfer  is  the  rate  limiting  step  in  metal  oxidation    In 

this  case,  the  metal  oxidation  is  considered  to  follow  the  Butler- Volmer  equation.42  Since 
conditions  are  favorable,  for  corrosion  product  formation,  the  dissolution  is  thought  to 
occur  through  a  layer  of  corrosion  products.  Rosenfeld  conducted  an  investigation 
comparing  anodic  polarization  behavior  of  iron  in  160um  electrolyte  films  to  that  in 
immersion  conditions.41  For  current  values  of  2.5uA/cm2,  the  thin  film  samples  polarized 
250mV  more  than  the  immersion  samples.  For  current  values  of  5.0uA/cm2,  the  thin  film 
samples  polarized  800-1000mV  more  than  the  immersion  samples.  No  passivation  was 
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observed  even  at  current  values  as  high  as  5-10mA/cm2.  Results  of  AC  impedance  studies 
on  thin-film  covered  iron  samples  showed  the  presence  of  a  conductive  oxide  film.49 

Cathodic  reactions 

Because  of  the  high  availability  of  oxygen  in  thin  films,  oxygen  reduction  is  the 
major  cathodic  reaction  occurring  on  atmospherically  exposed  iron  surfaces.  The  specific 
reaction  path  will  vary  with  solution  pH  and  availability  of  a  catalyst    Typical  oxygen 
reduction  reactions  are  listed 42 

02  +  2H20  +  2e"  -  H202  +  20H"     (basic)     (2-2) 


H202  +  2e"  =  20H- 


(2-3) 


02  +  2PT  +  2e"  =  H202  (acidic)     (2-4) 

H202  +  2JT  +  2e"  -  2H20  (2.3) 

02  -  20Jldsort)ed  (catalyst)         (2-5) 


Oadsorbed  +  2H+  +  2e"  ■  H20 


(2-6) 


The  rate  of  charge  transfer  of  the  oxygen  reduction  reaction  is  dependent  on  the 
substrate  on  which  it  is  occurring.  Potential-current  relationships  for  oxygen  reduction  on 
iron,  chromium,  and  iron  oxide  are  shown  in  Table  2-1 1  42 

Because  of  the  low  solubility  of  oxygen  in  water  (2.5*10"*M),  oxygen  can  be 
depleted  easily  at  the  reaction  surface  and  must  diffuse  from  the  gas/electrolyte  interface 
For  this  reason,  the  oxygen  reduction  reaction  is  normally  mass-transfer  limited.  An 
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Table  2-11 
Potential-Current  Relationships  for  Oxygen  Reduction  on  Various  Substrates 


Substrate 

Efor 

i=5A/m2 

Efor 
i=10A/m2 

Fe 

1.00 

1.07 

Cr 

1.15 

1.20  ■ 

Fe203 

1.11 

1.26 

(Barton,  1976) 


42 
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estimation  of  the  limiting  oxygen  reduction  current  can  be  made  by  applying  Fick's  first 
law  for  semi-infinite  linear  diffusion: 

iD  =  (DnFc)/(d)  (2.7) 

where:  iD  =  diffusion-limited  current 

D  =  diffusion  coefficient 

F  =  Faraday's  Constant 

n  =  number  of  electrons  passed 

c  =  oxygen  concentration 

d  =  diffusion-limited  layer  thickness 

The  expression  for  the  diffusion  coefficient  is  given  by: 

D  -  (RT/N)(67tvr)-1  (2-8) 

where:  R  =  gas  constant 

T  =  temperature  (K) 

N  =  Avogadro's  number 

v  =  electrolyte  viscosity 

r  =  molecular  radius  of  oxygen 
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Combination  of  these  two  expressions  gives  an  expression  for  diffusion-limited 
oxygen  reduction  current: 

iD  =  (RTvFc)/(6dN7tr)  (2-9) 

This  expression  is  limited  to  conditions  where  non  convective  stirring  occurs.  This 
constraint  usually  limits  application  to  films  thinner  than  30um  and  isothermal 
conditions42 

Rosenfeld  used  cathodic  polarization  on  various  thickness  electrolyte  films  to  study 
the  effect  of  film  thickness  on  the  rate  of  the  oxygen  reduction  reaction41.  Under 
conditions  of  constant  film  thickness,  the  rates  of  oxygen  reduction  on  the  thin  film 
samples  were  three  to  four  times  higher  than  those  of  immersion  samples    The  same 
experiments  were  performed  under  vaporizing  conditions  by  varying  the  RH  above  the 
thin  films    The  results  of  cathodic  polarization  under  vaporizing  conditions  showed  two 
distinct  trends.  First,  when  relative  humidities  were  kept  constant,  but  the  initial  layer 
thickness  was  decreased,  the  oxygen  reduction  currents  increased    Secondly,  when  the 
initial  layer  thicknesses  were  kept  constant,  but  relative  humidities  were  lowered,  oxygen 
reduction  currents  also  increased.  From  these  results,  it  was  concluded  that  the  oxygen 
diffusion  length  was  varying  independently  of  the  actual  film  thickness   Work  by  Levich 
and  Eisher  showed  that  small  temperature  variations  could  result  in  surface  tension 
changes  which  could  cause  "capillary  convection".50  For  thin  electrolyte  layers,  the  rate  of 
capillary  convection  exceeded  that  of  normal  heat-driven  convention.  Based  on  this,  it 
was  concluded  that  evaporating,  thin  electrolyte  layers  were  self-stirring. 
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Although  Rosenfeld  was  able  to  study  fairly  thin  layers  under  vaporizing 
conditions,  he  was  not  able  to  study  the  effect  of  drying  to  near  completion  since  solution 
from  the  reference  electrode  could  contaminate  the  sample  surface  under  these  conditions. 
A  technique  developed  by  Stratmann  and  Streckel  allowed  the  measurement  of  corrosion 
potential  to  complete  drying.51  Their  technique  involved  the  measurement  of  sample 
surface  work  function  with  a  non-invasive  probe  known  as  a  Kelvin  probe.  The  surface 
work  function  could  then  be  related  directly  to  corrosion  potential.  Since  this  probe  did 
not  contact  the  sample,  sample  contamination  was  avoided    Using  the  Kelvin  probe  as  the 
reference  electrode  of  a  three  electrode  system,  it  was  possible  to  conduct  cathodic  and 
anodic  polarizations  on  pure  Fe  in  1M  Na2SC>4  with  electrolyte  layers  as  thin  as  2-3  urn. 
Summaries  of  the  corrosion  current,  corrosion  potential,  and  critical  current  to  passivate 
vs  film  thickness  are  listed  in  Tables  2-12  and  2-13. 

The  maximum  in  corrosion  current  with  decreasing  film  thickness  was  due  to  a 
simultaneous  increase  in  the  rate  of  oxygen  reduction  and  decrease  in  the  rate  of  metal 
dissolution.51  As  seen  from  the  results  of  Tables  2-12  and  2-13,  film  thickness  has  a 
significant  effect  on  electrochemical  characterisitcs. 

When  metal  surfaces  are  covered  with  thick  electrolyte  layers,  the  slow  rate  of 
oxygen  mass-transfer  to  the  reaction  interface  limits  the  rate  of  the  overall  corrosion 
reaction.  As  the  electrolyte  layer  thins  and  becomes  self-stirring,  however,  very  high  rates 
of  oxygen  reduction  are  supportable.  Oxygen  reduction  currents  in  excess  of  600uA/cm2 
have  been  measured  for  drying  films  with  a  30um  thickness.52  At  currents  this  high,  the 
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Table  2-12 
Current  To  Passivate  vs  Film  Thickness 


film  thickness  (urn) 

current  to  passivate  (A/cm2) 

285 

0  03 

10 

0.002 

2-3 

0.0004 

(Stratmann  and  Streckel,  1990)51 


Table  2-13 
Corrosion  Current  and  Potential  vs  Film  Thickness 


film  thickness  (urn) 

icorr  (nA/cm2) 

Ecorr  (mV  SHE) 

bulk 

48 

-311 

285 

594 

-207 

10 

836 

0 

2-3 

109 

293 

(Stratmann  and  Streckel,  1990)51 


32 

rates  of  anodic  reactions  are  not  high  enough  to  keep  up,  and  the  overall  corrosion 
reaction  becomes  limited  by  the  metal  dissolution  reactions    This  switch  from  cathodic  to 
anodic  control  has  been  demonstrated  by  Justo  and  Ferreira  who  measured  the  limiting 
current  for  oxygen  reduction  on  thin-film  cells 49  The  measured  value  of  oxygen  reduction 
limiting-current  exceeded  the  open  circuit  corrosion  current,  so,  it  was  concluded  that  the 
sample  was  corroding  under  anodic  control. 

Effect  of  Wet/dry  Cycling 

During  wet/dry  cycling,  the  thickness  of  the  electrolyte  layer  on  the  metal  surface 

varies  from  a  few  millimeters  to  practically  zero.  Since  the  availability  of  oxygen  varies 

with  the  thickness  of  the  electrolyte  layer,  the  electrochemical  reactions  which  occur  on  a 

rust-covered  metal  surface  will  also  vary.  Because  of  the  variation  of  reactions  and 

reaction  rates  with  electrolyte  layer  thickness,  it  is  reasonable  to  expect  the  rates  and  types 

of  reactions  on  exposed  metal  surfaces  to  vary  with  the  progress  of  single  wet/dry  cycles. 

Mansfeld  conducted  experiments  using  a  laminated  cell  consisting  of  alternating  layers  of 

iron  and  zinc  separated  by  sheets  of  polyester  film.40  Laminated  cells  were  wet  with  a 

known  thickness  of  electrolyte,  then  allowed  to  dry.  Galvanic  current  flowing  between  the 

iron  and  zinc  was  measured  as  a  function  of  drying  time.  As  drying  progressed,  currents 

increased  moderately,  then  increased  drastically  just  before  complete  drying   Exclusion  of 

oxygen  resulted  in  little  or  no  galvanic  current.  The  results  of  this  experiment  demonstrate 

the  variation  of  reaction  rates  during  wetting  and  drying. 

Work  by  Evans  and  other  investigators  has  shown  that  atmospheric  corrosion  of 


iron  can  be  divided  into  three  stages 


53,54 
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Stage  One  (wetting):  During  this  stage  the  rust/covered  metal  surface  is  covered 
with  a  thick  layer  of  electrolyte   Due  to  the  thickness  of  the  electrolyte  layer,  mass- 
transport  of  oxygen  to  the  reaction  interface  near  the  rust/metal  interface  is  slow,  and, 
therefore,  the  corresponding  rate  of  oxygen  reduction  is  also  slow   Because  of  the  low 
rate  of  oxygen  reduction,  metal  dissolution  is  balanced  by  reduction  of  trivalent  iron 
oxyhydroxide  species  in  the  rust  layer.  Reaction  rates  during  this  stage  are  fairly  low.(See 
Figure  2-3). 

Stage  Two  (drying)  During  this  stage  the  rust  covered  metal  surface  is  still 
covered  by  a  fairly  thick  layer  of  electrolyte,  so,  the  rate  of  the  oxygen  reduction  reaction 
is  still  very  low.  At  this  point,  however,  all  the  reducible  species  in  the  rust  layer  have 
been  exhausted,  so,  metal  dissolution  is  now  balanced  by  oxygen  reduction.  Reaction 
rates  in  this  stage  are  also  fairly  low. (See  Figure  2-4). 

Stage  Three  (critical  wetting)  In  this  stage  the  electrolyte  layer  has  thinned  due  to 
evaporation   Now  the  rate  of  mass  transport  of  oxygen  to  the  reaction  interface  is  very 
rapid,  and,  consequently,  the  rate  of  oxygen  reduction  is  very  high.  Now  the  rate  of 
oxygen  reduction  is  high  enough  to  support  not  only  a  high  rate  of  metal  dissolution,  but 
also  to  reoxidize  the  species  which  were  reduced  in  Stage  One   It  is  during  this  part  of  the 
wet/dry  cycle  that  the  majority  of  the  metal  loss  occurs.(See  Figure  2-5). 

This  three  stage  model  was  confirmed  by  the  results  of  work  by  Stratmann, 
Bohnenkamp,  and  Ramchandran ,55  Their  study  involved  the  use  of  a  combination  of 
techniques  to  independently  measure  the  rate  of  oxygen  uptake  and  metal  dissolution 
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STAGE  ONE 


anodic:      Fe  —  Fe(TJ)  +  2e" 

cathodic:  8FeOOH  +  Fe2+  +  2e"  —  3Fe  O  +  4H  O 


'3~4 


FeOOH  —  Fe,0 

lepidocrocite 


magnetite 


Figure  2-3 

Stage  One  Of  Wetting  And  Drying 

Because  of  low  rates  of  oxygen  reduction,  metal  dissolution  is  balanced  by  reduction  of 

trivalent  oxyhydroxide  species  in  the  rust  film. 
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STAGE  TWO 


anodic:        Fe  — -Fe(Tl)   +  2e~ 

cathodic:      l/202  +  H20  +  2e~  —  20H 


Figurex2-4 

Stage  Two  Of  Wetting  And  Drying 

Metal  dissolution  is  now  balanced  by  oxygen  reduction. 


36 


STAGE  THREE 


anodic: 


cathodic: 


Fe  —  Fe(TJ)   +  2e~ 

3Fe304  +  3/4  02  +  9/2H20  ^9FeOOH 

l/202  +  H  O  +2e"—  20H" 


CX 


Q. 


I 


Figure  2-5 
T,  r  Sta§e  Three  Of  Wetting  And  Dryine 

«J1\       u8?  r6dUCti0n  is  Wgh  cnou8h  t0  SUPP°«  not  only  a  high  rate  of  metal 
chssolufon,  by  also  to  reox.due  the  species  wruch  were  reduced  durmg  stge  Z 
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during  the  course  of  single  wet/dry  cycles    The  rate  of  metal  dissolution  was  measured 
using  a  magnetic  technique  which  allowed  detection  of  quantities  of  iron  metal  and  iron 
spinels    The  rate  of  oxygen  reduction  was  measured  using  a  barometric  technique  which 
relied  on  the  change  in  oxygen  partial  pressure  from  reaction  of  gaseous  molecular 
oxygen.  Wet/dry  cycling  was  achieved  by  flushing  the  sample  to  deposit  an  electrolyte 
layer,  then  heating  the  sample  to  dry  it.  In  the  case  of  pure  iron,  both  oxygen  reduction 
and  metal  dissolution  currents  were  between  zero  and  209uA/cm2  for  the  first  two  thirds 
of  drying  period,  then  jumped  to  approximately  930uA/cm2  for  the  last  third.  Rates  of 
both  metal  dissolution  and  oxygen  uptake  dropped  to  zero  as  the  sample  reached  complete 
drying.  The  initial  period  of  low  current  corresponds  to  stages  one  and  two,  and,  the 
period  of  higher  current  corresponds  to  stage  three.  The  same  experiments  run  with  an 
Fe-0.5Cu  alloy  showed  maximum  currents  (stage  three)  of  only  500uA/cm2.  Continued 
cycling  of  the  pure  iron  samples  showed  no  decrease  in  maximum  currents,  whereas  the 
Fe-0.5Cu  samples  showed  a  progressive  decrease  in  maximum  (stage  three)  current  with 
each  cycle. 

Additional  information  on  the  effect  of  copper  on  the  cyclic  wetting  and  drying 
behavior  of  iron  was  provided  in  a  study  by  Stratmann  and  Streckel  using  the  Kelvin  probe 
to  monitor  corrosion  potential  during  drying  51  Pure  iron  samples  exhibited  a  rise  in 
corrosion  potential  on  drying  from  -450mV  SHE  to  +200mV  SHE.  The  copper-bearing 
samples,  on  the  other  hand,  showed  a  rise  in  corrosion  potential  from  -450mV  SHE  to 
only  -200mV  SHE.  If  the  copper  additions  were  decreasing  the  corrosion  rates  by 
decreasing  the  rate  of  metal  dissolution,  an  increase,  rather  than  a  decrease  in  final 
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corrosion  potential  would  be  expected  Since  the  copper  additions  lead  to  a  simultaneous 
decrease  in  both  corrosion  potential  and  corrosion  current,  it  was  thought  that  the  copper 
was  acting  to  inhibit  the  rate  of  the  oxygen  reduction  reaction 

From  the  results  of  Stratmann  and  Streckel's  study,  it  is  obvious  that  an  inhibition 
of  the  oxygen  reduction  reaction  should  lead  to  a  decrease  in  the  corrosion  current 
exhibited  during  the  third  stage  of  wetting  and  drying.  Many  studies  have  shown  that  the 
site  of  the  oxygen  reduction  reaction  on  a  rust-covered  metal  surface  is  not  at  the 
rust/metal  interface,  but  at  the  oxide/electrolyte  interface  within  electrolyte-filled  pores  in 
the  rust  layer.56,57  In  order  for  oxygen  reduction  to  occur  on  the  corrosion  product 
surfaces,  there  must  be  an  electrically  continuous  path  to  the  metal  surface.  In  order  to 
achieve  this  path,  the  corrosion  products  must  be  at  least  partially  conductive.  At  first 
glance,  the  presence  of  an  electrically  conductive  rust  layer  seems  unlikely   Although 
magnetite  is  somewhat  conductive,  it  is  not  always  present  in  every  rust  layer.  The  other 
main  constituents  of  rust,  goethite  and  lepidocrocite,  are  not  considered  to  be  very 
conductive.  During  reduction  in  stage  one,  however,  lepidocrocite  is  partially  reduced, 
turning  it  into  an  n-type  semiconductor  and  greatly  increasing  its  conductivity. 

Reduction  of  Corrosion  Products 

Since  the  partial  reduction  of  corrosion  products  during  stage  one  provides  the 

conductive  path  for  the  high  rate  of  oxygen  reduction  during  stage  three,  the  reduction  of 

atmospheric  corrosion  products  has  been  the  subject  of  several  studies    Work  by  Suzuki, 

Masuko,  and  Hisamatsu  using  an  all-rust  electrode  from  exposed  weathering  steel  showed 

that,  under  galvanostatic  reduction,  the  y-FeOOH  phase  in  the  rust  was  reduced  to 
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magnetite,  while  the  a-FeOOH  phase  remained  intact.21  This  phase  change  was  ascribed 
to  a  solid  state  reduction  reaction  since  colorimetric  analysis  did  not  detect  any  Fe++  or 
Fe+"  in  solution.  Detection  of  phase  changes  in  this  study  was  done  using  XRD,  which 
required  that  the  reduction  be  halted,  and  the  sample  removed  from  solution.  Other 
investigators  have  used  a  variety  of  in-situ  techniques  to  study  the  phase  changes  which 
occur  in  atmospheric  rust  layers  during  reduction.58"60 

* 

Stratmann,  Bohnenkamp,  and  Engell  used  an  in-situ  magnetic  technique  to  monitor 
the  quantity  of  magnetite  present  during  potentiostatic  reduction  of  an  atmospherically 
formed  rust  film.     Magnetite  formation  was  measured  as  a  function  of  pH,  Fe++ 
concentration,  and  reduction  potential.  Their  results  showed  that  magnetite  formation 
began  only  at  potentials  below  -400mV  SHE,  and  was  favored  by  higher  solution  pH's 
and  presence  of  Fe+*  in  solution.  As  in  the  XRD  study  by  Suzuki,  Masuko,  and 
Hisamatsu,  magnetite  was  found  to  have  formed  from  y-FeOOH,  with  no  changes  in  the 
a-FeOOH  being  noted.  Reduction  was  thought  to  occur  by  two  different  pathways   First, 
in  conditions  of  no  solution  Fe++  and  lower  pH,  a  partially  reduced  intermediate  is  thought 
to  form  on  the  surface  of  the  y-FeOOH  according  to  the  reaction  below: 

y-FeOOH  +  FT  +  e'  =  {Fe*OH*OH}  (2-10) 

Since  this  intermediate  is  partially  reduced,  it  would  be  very  conductive,  and  could 
serve  as  a  conductive  pathway  for  oxygen  reduction  to  occur  in  the  rust  layer  during  stage 
three  of  wetting  and  drying.  The  second  reduction  pathway  involves  direct  conversion  of 
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y-FeOOH  to  magnetite  by  solid  state  transformation    This  is  thought  to  occur  in  the 
presence  of  Fe"+  according  to  the  reaction  below: 

2y-FeOOH  +  Fe++  =  Fe304  +2FT  (2-1 1) 

This  direct  conversion  by  solid  state  transformation  is  thought  to  be  quite  likely 
due  to  the  similarities  of  their  crystal  structures  y-FeOOH  having  a  ccp  oxygen  lattice 
with  Fe"+  in  octahedral  sites,  and  magnetite  having  a  ccp  lattice  with  Fe+~  and  Fe+++  in 
octahedral  and  tetrahedral  sites.  Transformation  of  y-FeOOH  to  magnetite  would  simply 
involve  movement  of  Fe++  into  the  lattice  and  movement  of  Ff  out  of  it.  High  mobilities 
of  both  species  in  the  y-FeOOH  have  been  previously  documented." 

Another  in-situ  study  by  Stratmann  and  Hoffman  involved  the  use  of  in-situ 
Mossbauer  spectroscopy  to  better  characterize  the  reduction  intermediate  identified  in  the 
study  described  above.59  Based  on  Mossbauer  spectra  taken  at  both  298K  and  85K,  the 
reduction  product  was  thought  to  be  similar  in  structure  to  Fe(OH)2,  but  strained.  From 
this  information,  it  was  concluded  that  the  reduction  intermediate  grew  on  the  surface  of 
the  y-FeOOH  and  the  observed  strain  was  due  lattice  mismatch. 

Dunnwald  and  Otto  used  in-situ  Raman  spectroscopy  to  study  the  effects  of 
potentiostatic  reduction  and  reoxidation  on  the  phase  forms  present  in  atmospherically 
formed  rusts.60  The  phases  present  in  the  rust  layer  consisted  of  y-FeOOH,  a-FeOOH, 
and  an  amorphous  constituent    Reduction  at  -300mV  SCE  resulted  in  disappearance  of 
the  amorphous  constituent.  Reduction  below  -500mV  resulted  in  loss  of  the  y-FeOOH 
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and  appearance  of  a  magnetite  peak   Reduction  below  -600m V  resulted  in  reduction  of 
the  a-FeOOH  to  magnetite    Samples  were  reoxidized  by  exposure  to  air   The  air 
exposure  did  not  result  in  any  reoxidation  of  the  magnetite.  The  work  of  this  study  is 
consistent  with  previous  studies  involving  reduction  of  y-FeOOH  in  atmospheric  rust 
layers. 


CHAPTER  3 
EXPERIMENTAL  PROCEDURES 

Sample  Fabrication 
Samples  were  fabricated  from  pure  iron,  pure  chromium,  and  pure  copper  from 

various  suppliers.  Purities  and  suppliers  for  each  element  are  listed  in  Table  A-l  of 

Appendix  A.  Samples  were  fabricated  using  either  arc-melting  or  vacuum-induction 

melting.  Larger  samples  (>50g)  were  fabricated  by  vacuum-induction  melting,  and  all 

others  were  fabricated  by  arc-melting. 

Arc-meltine  procedures 

Small  pieces  of  pure  materials  were  weighed  out  to  desired  compositions,  then 
cleaned  ultrasonically  in  ethanol    Clean  pieces  were  then  transferred  to  the  arc-melter  and 
placed  on  the  water-chilled  copper  hearth   Melting  was  performed  in  an  Ar  atmosphere  to 
avoid  oxidation  of  pure  materials.  Samples  to  be  used  in  electrochemical  experiments 
were  soldered  to  brass,  flat-head  screws  and  machined  to  a  uniform  1cm  diameter. 
Samples  were  then  mounted  in  epoxy  and  ground  so  that  only  the  front  face  was  exposed. 
Samples  to  be  used  in  long-term  exposure,  (e.g.chromium-enrichment)studies  were 
prepared  in  a  similar  manner  except  for  the  machining  to  uniform  diameter 

Induction-melting  procedures 

Large,  cylindrical  samples  were  fabricated  by  vacuum-induction  melting   Pure 
materials  were  melted  in  a  cylindrical,  alumina  crucible  surrounded  by  a  graphite 
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susceptor   Because  of  the  high  melting  point  of  chromium,  it  was  necessary  to  add 
chromium  in  the  form  of  Fe-20Cr  and  Fe-30Cr  master  alloy  buttons.  The  master  alloy 
buttons  were  fabricated  by  arc-melting.  Samples  were  melted  under  vacuum,  then 
solidified  under  Ar.  Induction-melted  samples  to  be  used  in  oxygen-uptake  experiments 
were  machined  into  hollow  cylinders.  Schematics  of  all  samples  are  given  in  Figure  3-1 . 

All  alloyed  samples  were  checked  with  WDS  on  the  electron  microprobe  to  ensure 
composition  and  homogeneity.  Results  of  the  EPMA  checks  can  be  found  in  Tables  A-2 
through  A-6  of  Appendix  A. 

According  to  the  ternary  phase  diagram  for  iron,  chromium,  and  copper,  the 
microstructure  of  all  samples  used  should  consist  of  single-phase  a-ferrite  with  chromium 
and  copper  in  solid  solution   Microstructures  of  all  samples  were  confirmed  by  optical 
microscopy.  Representative  microstructures  of  arc-melted  and  vacuum-induction  melted 
samples  can  be  found  Figures  A-l  through  A-4  in  Appendix  1 

Potentiodvnamic  Polarization  Experiments 
In  order  to  better  understand  how  chromium  affects  metal  dissolution,  anodic 

potentiodvnamic  scans  were  performed  on  pure  iron  and  a  variety  of  iron-chromium  binary 

alloys   Polarizations  were  performed  in  deareated  0.05M  Na2S04.  Deaeration  was 

performed  by  purging  with  nitrogen.  Sample  preparation  required  grinding  with  SiC  paper 

to  a  600  grit  finish,  rinsing  with  deionized  water,  rinsing  with  ethanol,  then  drying  in  warm 

air.  Samples  were  inserted  into  solution  at  open-circuit  potential  and  allowed  to  sit  at 

open-circuit  for  one  minute  to  allow  the  open-circuit  potential  to  stabilize    The  scan  rate 
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used  was  0. 1  raV/s,  and,  scans  went  to  1400mV  positive  of  open-circuit.  The  platinum 
counter  electrode  was  separated  from  the  working  electrode  by  a  glass  frit.  The  saturated 
calomel  reference  electrode  was  used  with  a  luggin  capillary  positioned  just  below  the 
working  electrode  surface   Polarization  was  performed  using  a  Princeton  Applied 
Reaserch  model  273  potentiostat  interfaced  to  a  386  computer 

Long-term  Chromium  Enrichment  Experiments 
In  this  series  of  experiments,  various  iron-chromium  binary  aUoys  were  subjected 

to  wet/dry  cycling  by  alternate  immersion  and  then  analyzed  to  determine  the  distribution 
of  chromium  in  the  corrosion  products  and  at  the  rust/metal  interface.  Chromium 
distribution  in  the  outer  parts  of  the  rust  layer  was  analyzed  with  neutron  activation 
analysis    Chromium  distribution  of  the  inner  layers  and  the  rust/metal  interface  was 
determined  by  cross-sectioning  and  analysis  with  electron  microprobe,  wavelength 
dispersive  spectroscopy. 

Alternate  immersion  exposure  was  performed  using  a  testing  apparatus,  a 
schematic  of  which  is  shown  in  Figure  3-2.  The  tester  could  accommodate  six  samples 
positioned  evenly  around  the  rim  of  the  wheel  The  tester  could  be  set  to  rotate 
intermittently,  giving  each  of  the  six  samples  a  set  amount  of  immersion  time.  Since  only 
the  sample  in  the  lowest  position  could  be  immersed,  the  ratio  of  immersed  time  to  non- 
immersed  time  was  always  1 .6.  The  ratio  of  wet  time  to  dry  time,  however,  varied  with 
the  rate  at  which  samples  dried  after  having  been  immersed.  In  general,  longer  cycle  times 
tended  to  favor  a  higher  dry-time  to  wet-time  ratio. 
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Neutron  Activation  Analysis  (NAA)  samples  consisted  of  large,  arc-melted 
buttonsmounted  in  epoxy  and  ground  to  expose  only  one  side    The  exposed  area  of  each 
samplewas  approximately  8cm2 ,  and,  six  such  samples  were  exposed  at  one  time.  At  the 
end  of  an  exposure  period,  exposed  NAA  samples  were  removed  from  the  wheel  and 
corrosion  products  were  removed  for  analysis.  Corrosion  products  were  removed  in 
layers  using  squares  of  clear,  strapping  tape    Since  the  tape  did  not  contain  any  elements 
which  activated  upon  irradiation,  it  did  not  interfere  with  the  chromium  analysis.  Squares 
of  tape  were  laid  over  each  sample,  rubbed  with  a  teflon  scraper,  and  peeled  off  to  remove 
a  layer  of  corrosion  products.  This  procedure  was  repeated  until  no  more  corrosion 
products  could  be  removed  (normally  four  times).  In  this  manner,  it  was  possible  to 
obtain  a  rough  depth  profile  of  chromium  concentration.  In  order  to  obtain  an  adequate 
signal-to-noise  ratio  with  NAA,  it  was  necessary  to  have  at  least  250mg  of  each  sample. 
In  order  to  reach  this  weight,  it  was  necessary  to  combine  similar  layers  of  all  six  exposed 
samples. 

Microprobe  samples  consisted  of  small,  arc-melted  samples  mounted  in  epoxy  and 
ground  to  expose  only  one  side.  The  exposed  area  of  each  sample  was  approximately 
0.79cm      At  the  end  of  an  exposure  period,  samples  were  removed  from  the  wheel,  and, 
the  entire  sample  vacuum-mounted  in  epoxy.  Samples  were  then  cross-sectioned  using  a 
diamond  wafering  blade  and  polished  to  a  0.3um  finish.  A  schematic  of  a  cross-sectioned 
sample  is  shown  in  Figure  3-3.  In  order  to  avoid  charging  of  the  corrosion  product  layer 
during  microprobe  analysis,  the  polished  surface  was  carbon-coated. 
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Oxygen  Uptake  Experiments 
In  order  to  better  understand  the  effect  of  chromium  on  cathodic  reactions  during 

wet/dry  cycling,  experiments  were  designed  to  monitor  the  rate  of  oxygen  reduction 

during  wetting  and  drying.  These  experiments  essentially  involved  placing  the  sample  to 

be  studied  in  an  airtight  chamber  with  an  oxygen  atmosphere,  allowing  it  to  wet  and  dry, 

and  measuring  the  resultant  pressure  drop.  The  change  in  oxygen  partial  pressure  can  be 

related  to  an  oxygen  reduction  current  through  the  use  of  Faraday's  Law.  A  schematic  of 

the  cell  used  for  the  oxygen  uptake  experiments  is  shown  in  Figure  3-4.  The  samples  were 

hollow  and  screwed  onto  a  plastic  coupler  which  was  attached  to  the  sample  holder. 

Chilled  fluid  could  be  circulated  through  the  hollow  sample  via  the  sample  holder, 

allowing  the  sample  surface  temperature  to  be  varied  during  the  experiment    The  cell 

contained  a  temperature  control  bath  which  was  filled  with  a  saturated  solution  of  CaCk  . 

When  the  CaCb  solution  was  at  room  temperature  in  the  sealed  cell,  it  established  a 

relative  humidity  of  35%.  Higher  relative  humidities  could  be  established  by  heating  the 

bath.  Sample  contamination  by  CaCb  was  avoided  by  placing  a  splash  guard  between  the 

bath  and  the  sample.  The  cell  was  equipped  with  a  humidity/temperature  sensor  which 

was  used  to  monitor  relative  humidity  throughout  the  course  of  each  experiment    It  was 

necessary  to  monitor  relative  humidity  because,  during  the  course  of  a  wet/dry  cycle, 

water  vapor  partial  pressure  changes  were  significant  and  constituted  a  significant  fraction 

of  the  total  measured  pressure  change.  Measured  variations  in  water  vapor  partial 

pressure  during  wet/dry  cycling  amounted  to  as  much  as  30  torr,  while,  total  pressure 

changes  measured  between  50  torr  and  1 50  torr.  Continuous,  in-situ  monitoring  of 

relative  humidity  and  temperature  allowed  the  water  vapor  partial  pressure  to  be 
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subtracted  from  the  total  pressure  before  reduction  currents  were  calculated.  Total 
pressure  was  monitored  through  use  of  an  absolute  pressure  transducer. 

At  the  start  of  each  experiment,  dry  samples  were  attached  to  the  sample  holder 
and  inserted  into  the  cell.  To  begin  wetting,  the  sample  surface  temperature  was  lowered 
by  circulating  chilled  anti-freeze  fluid  through  the  hollow  sample  interior.  The  relative 
humidity  of  the  chamber  was  simultaneously  raised  by  heating  the  solution  of  saturated 
CaCl2.  To  ensure  even  wetting  over  the  entire  sample  surface,  two  valves  were  opened, 
and  humid  oxygen  was  blown  through  the  cell  at  a  rate  of  1 .5  Standard  Cubic  Feet  Per 
Hour  (SCFH)    After  one  hour  of  wetting  with  flowing,  humid  oxygen,  the  outlet  valve 
was  closed  and  cell  pressure  was  adjusted  to  517  torr.  At  this  point,  monitoring  of  cell 
pressure  for  oxygen  reduction  rate  determination  began    For  the  first  hour  of  monitoring, 
the  sample  was  forced  to  remain  wet  by  continuing  the  circulation  of  chilled  fluid  through 
the  sample  interior  and  heating  in  the  CaCl2  bath.  One  hour  into  the  monitored  portion  of 
the  experiment,  the  sample  chilling  and  bath  heating  were  shut  off  and  the  sample  was 
allowed  to  dry. 

The  quantity  of  reduced  oxygen  at  any  point  in  the  experiment  is  given  by  the 
formula  below: 

An(02)  =  (V/RT)[(Pmeauredt0-PH2Ot0) .  (VmeasaKdt-Pmot)]  (3.}) 

where:  An(02)  =  quantity  of  oxygen  reduced  at  time  t 
V  =  cell  volume  -  167cm3 
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R  =  gas  constant 

T  =  gas  phase  temperature  at  time  t 

Pmeasured  to  =  measured  pressure  at  start  of  experiment 

PH20  to  =  initial  water  vapor  pressure 

Pmeasured  t  =  measured  pressure  at  time  t 

0 

Ph2oi  =  water  vapor  pressure  at  time  t 

The  rate  of  oxygen  reduction  is  given  by: 

i(02)  =  4F  {d[An(02)/A]/dt}  (3-2) 

where:  i(02)=oxygen  reduction  current 

F=Faraday's  constant 

A=sample  area 

Since  it  was  not  possible  to  introduce  corrosive  gases  directly  into  the  oxygen 
uptake  measurement  cell,  all  samples  received  a  pre-corrosion  exposure  before 
introduction  into  the  measurement  cell.  Long-term  exposure  samples  received  the 
equivalent  of  either  one  or  three  years  of  cyclic  wetting  exposure  (assuming  one  cycle  per 
day)  with  the  alternate  immersion  tester.  Initial  exposure  samples  received  a  three-hour 
exposure  in  a  97%  RH,  S02/02  environment.  S02  concentrations  were  0.024%,  a  level 
which  corresponds  to  the  S02  concentration  in  a  heavily  polluted  industrial  area 
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X-ray  Diffraction  And  SEM  Analysis  Of  Corrosion  Products 
After  completion  of  oxygen  uptake  experiments,  corrosion  products  were  removed 

from  the  sample  surface  with  a  pointed  scalpel  and  examined  using  x-ray  diffraction,  and, 
where  appropriate,  with  SEM.  SEM  examination  was  only  performed  for  the  longer- 
duration  exposure  samples  since  the  corrosion  products  from  these  samples  tended  to  be 
thicker  and  could  be  removed  intact,  while  those  of  the  initial  exposure  samples  could  not. 
All  SEM  samples  were  coated  with  Au-Pd  to  avoid  charging  during  examination.  SEM 
examination  was  performed  with  a  JEOL  6400.  XRD  samples  were  ground  to  a  5u 
particle  size  and  attatched  to  glass-slides  with  collodian  amyl  acetate.  Diffraction  scans 
were  run  at  a  rate  of  0.01  degree  per  second,  with  a  collection  interval  of  0.05  degrees.  X- 
ray  diffraction  was  performed  on  a  Phillips  3520  powder  diffractometer,  using  Cu  Ka 
radiation.  Quantitative  analysis  was  performed  using  matrix-flushing,  a  variation  of  the 
method  of  internal  standards.  The  confidence  interval  was  +1-5%. 


CHAPTER  4 
EXPERIMENTAL  RESULTS 

Results  are  divided  into  three  sections  based  on  exposure  time.  The  first  section 
deals  with  samples  exposed  for  only  the  first  four  wet/dry  cycles,  the  second  with  samples 
exposed  for  365  wet/dry  cycles,  or  one  year's  equivalent  exposure,  and  the  third  with 
samples  exposed  for  1095  wet/dry  cycles,  or  three  year's  equivalent  exposure.  Results  of 
potentiodynamic  and  NAA  experiments  are  listed  separately. 

Initial  Exposure  Experiments 
Initial  exposure  samples  were  first  subjected  to  a  three  hour  pre-corrosion 

exposure  in  a  humid  sulfur  dioxide/oxygen  environment.  After  the  precorrosion 

treatment,  samples  were  transferred  to  the  oxygen  uptake  measurement  chamber  where 

they  were  subjected  to  four  measured  wet/dry  cycles.  The  first  samples  to  be  tested  were 

pure  Fe,  Fe-0.5Cr,  Fe-0.5Cu,  and  Fe-0.5Cu-0.5Cr   These  sample  compositions  were  used 

first  since  they  are  most  representative  of  chromium  and  copper  concentrations  found  in 

many  commercial  weathering  steels.  Although  the  purpose  of  the  study  is  to  determine 

the  role  of  chromium  in  weathering  steel  performance,  the  copper-bearing  alloys  have 

been  much  more  thoroughly  studied  and  can,  therefore  provide  a  good  reference  for 


comparison. 


The  oxygen  upake  vs  time  curves  for  pure  Fe  and  Fe-0.5Cr,  Fe-0.5Cu,  and  Fe- 
0.5Cu-0.5Cr  samples  are  shown  in  Figures  4-1,  4-2,  4-3,  and  4-4,  respectively.  According 
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to  the  three-stage  model  of  wetting  and  drying,  the  oxygen-uptake  vs  time  curves 
shouldcontain  four  distinct  regions  corresponding  to  stage  I,  stage  II,  stage  III,  and 
complete  drying.  According  to  this  model,  the  rate  of  oxygen  uptake  should  be  low 
during  stage  I,  slightly  higher  during  stage  II,  significantly  higher  during  stage  III,  and 
approximately  zero  during  complete  drying.  Regions  corresponding  to  stages  I,  II,  III,  and 
complete  drying  are  shown  on  each  curve.  As  can  be  seen  in  Figures  4-1  through  4-4,  the 
shape  of  the  oxygen  uptake  vs  time  curves  conforms  fairly  well  to  the  shape  predicted  by 
the  three-stage  model    There  are  two  areas  in  which  the  shape  of  the  time-dependent 
oxygen  uptake  curves  differs  from  that  predicted  by  the  three-stage  model.  First,  during 
the  first  3000-4000s  of  each  experiment,  the  rate  of  oxygen  uptake  becomes  negative, 
indicating  an  off-gassing  process.  These  negative  values  are  attributed  to  the  inaccuracies 
of  temperature  measurement  during  this  part  of  the  experiment.  Due  to  simultaneous 
heating  of  the  internal  bath  and  chilling  of  the  sample,  temperature  gradients  were  set  up  in 
the  cell  which  could  not  be  completely  accounted  for  by  the  in-situ  temperature  sensors. 
After  the  end  of  the  first  hour  of  stagnant  wetting,  both  the  sample  and  bath  temperatures 
returned  quickly  to  room  temperature,  and  measured  temperatures  corresponded  to  actual 
gas-phase  temperatures.  The  second  area  of  discrepancy  is  in  the  relative  rates  of  oxygen 
uptake  during  stage  I  and  stage  II.  According  to  the  three-stage  model,  the  thickness  of 
the  electrolyte  layer  present  during  stage  II  is  still  fairly  thick,  and,  therefore,  the  rate  of 
oxygen  uptake  during  stage  II  should  not  be  significantly  higher  than  that  of  stage  I    As 
can  be  seen  in  Figures  4-1  through  4-4,  the  rate  of  uptake  during  stage  II  is  quite  a  bit 
higher  than  that  of  stage  I.  This  deviation  from  the  three  stage  model  is  attributed  to  a 
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difference  in  the  morphology  of  the  electrolyte  layers  in  each  case.  The  three-stage  model 
assumes  a  single,  continuous  layer  of  electrolyte  covering  the  entire  sample  surface.  Since 
the  samples  in  this  study  were  wet  by  condensation,  the  electrolyte  was  present  in  the  form 
of  droplets  with  a  distribution  of  sizes.  During  the  wetting  phase,  the  mean  droplet  size 
increased,  but  a  distribution  of  sizes  was  still  present.  As  the  sample  was  allowed  to  dry, 
the  smaller  droplets  dried  more  quickly,  and,  thus  reached  the  critical  thickness  for  self- 
stirring,  or,  stage  III,  much  sooner  than  the  larger  droplets.  If  the  samples  had  been 
allowed  to  continue  to  cycle  and  a  continuous  layer  of  corrosion  products  had  been 
allowed  to  form,  the  capillary  properties  of  the  corrosion  products  would  control  the 
morphology  of  the  condensing  water,  giving  a  curve  shape  much  more  consistent  with  the 
predictions  of  the  three-stage  model,  as  will  be  seen  for  longer  exposure  durations. 

Certain  aspects  of  the  time  dependent  oxygen  uptake  curves  can  be  related  directly 
to  properties  of  the  corrosion  product  layer  and  overall  atmospheric  corrosion  resistance. 
These  aspects  include:  total  drying  time,  maximum  current,  and  total  per-cycle  oxygen 
uptake.  Total  drying  time  is  defined  as  the  time  from  the  start  of  the  experiment  to  the 
point  at  which  complete  drying  is  achieved.  Total  drying  time  gives  a  measure  of  the 
ability  of  the  corrosion  product  layer  to  retain  moisture.  The  moisture  retention  properties 
of  a  corrosion  product  layer  will  depend  on  many  things  such  as  thickness,  total 
continuous  pore  volume,  and  average  pore  diameter   Unfortunately,  the  total  drying  time 
can  only  give  a  measure  of  the  combined  effects.  Maximum  current  can  be  calculated 
from  the  maximum,  or  stage  III  slope,  using  Faraday's  Law.  During  stage  III,  the 
diffusion  length  for  oxygen  transport  through  the  electrolyte  is  constant,  so,  the  current  is 
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limited  almost  exclusively  by  the  conductivity  of  the  corrosion  products  themselves.  The 
maximum  current  can,  therefore,  be  used  as  a  measure  of  corrosion  product  conductivity. 
Total  per-cycle  oxygen  uptake  is  denned  as  the  total  number  of  moles  of  oxygen  reduced 
per  wet/dry  cycle.  Since  the  total  number  of  moles  of  oxygen  reduced  and  metal  dissolved 
per  cycle  are  equal,  the  total  per-cycle  oxygen  uptake  gives  a  direct  measure  of  the 
corrosion  resistance  at  any  given  point  in  the  exposure  lifetime. 

A  plot  of  total  drying  time  vs  number  of  cycles  is  shown  for  all  compositions  in 
Figure  4-5.  As  can  be  seen  in  Figure  4-5,  there  is  no  real  trend  in  total  drying  time  with 
either  composition  or  number  of  cycles.  This  lack  of  trend  is  more  than  likely  due  to  the 
fact  that  the  corrosion  products  which  form  in  the  first  four  cycles  are  both  thin  and  sparse 
and  are,  therefore,  unable  to  retain  much  moisture. 

Plots  of  maximum  current  vs  number  of  cycles  are  shown  for  all  compositions  in 
Figures  4-6a  and  4-6b.  As  can  be  seen  in  these  figures,  the  maximum  current  does  tend  to 
decrease  with  increased  cycling.  This  is  consistent  with  the  conclusion  that,  while  the 
corrosion  products  are  too  thin  and  sparse  to  contain  a  significant  quantity  of  moisture, 
they  are  thick  enough  to  impede  the  diffusion  of  oxygen  to  the  reaction  interface.  Figure 
4-7  shows  the  variation  in  maximum  current  for  the  fourth  wet/dry  cycle  with  alloy 
composition.  As  can  be  seen  in  Figure  4-7,  the  addition  of  0.5w/o  chromium  alone 
decreases  the  maximum  current  only  slightly,  whereas  the  addition  of  0.5  w/o  copper, 
decreases  the  maximum  current  significantly.  The  maximum  current  for  the  ternary  alloys, 
while  not  as  low  as  that  of  the  Fe-0  5w/o  Cu,  is  still  much  lower  than  that  of  either  pure 
Fe  or  Fe-0.5  w/o  Cr.  From  these  results,  it  would  seem  that  the  copper  addition  is 
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effecting  a  significant  decrease  in  the  conductivity  of  the  corrosion  products  which  form  in 
the  first  four  cycles    This  decrease  in  conductivity  could  be  due  to  either  a  densification  of 
the  products,  or  a  decrease  in  the  electrical  conductivity  of  the  products.  A  densification 
of  the  corrosion  products  would  result  in  a  decrease  in  the  rate  of  mass  transport  of 
oxygen  to  the  reaction  interface.  A  decrease  in  product  electrical  conductivity  would 
prevent  oxygen  reduction  from  occurring  on  the  corrosion  product  surfaces,  thereby 
reducing  the  total  cathode  surface  area  and  forcing  the  oxygen  to  diffuse  to  the  rust/metal 
interface  to  react. 

Plots  of  total  per-cycle  oxygen  uptake  are  shown  for  all  compositions  in  Figures  4- 
8a  and  4-8b    As  can  be  seen  from  these  figures,  the  total  per  cycle  uptake  decreases  with 
increasing  numbers  of  cycles    This  decrease  is  attributed  to  an  increased  resistance  to 
atmospheric  corrosion,  most  likely  due  to  a  thickening  of  the  corrosion  product  layer. 
Figure  4-9  shows  the  variation  in  total  per-cycle  oxygen  uptake  with  alloy  composition 
As  can  be  seen  in  Figure  4-9,  addition  of  0.5  w/o  Cu  results  in  a  significant  decrease  in 
total  per-cycle  oxygen  uptake,  while  addition  of  0.5  w/o  Cr  alone  results  in  very  little 
change.  The  reasons  for  this  decrease  are  considered  to  be  similar  to  those  proposed  for 
the  decrease  in  maximum  current 

Photographs  of  the  side  of  each  sample  were  taken  at  the  end  of  the  fourth  cycles 
and  are  shown  in  Figures  4-10  through  4-13.  As  can  be  seen  in  Figures  4-10  through  4-13, 
the  products  are  fairly  evenly  distributed  over  the  sample  surface,  but  by  no  means  form  a 
complete  layer.  This  inhomogeneous  corrosion  product  coverage  is  characteristic  of  iron 
and  low-alloy  steels  exposed  in  S02  or  sulfate-contaminated  environments 
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Figure  4-10  Side  View  Photo  Of  Pure  Fe  Initial  Exposure  Sample 
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Figure  4-1 1  Side  View  Photo  Of  Fe-0  5Cr  Initial  Exposure  Sample 
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Figure  4- 12  Side  View  Photo  Of  Fe-0  5Cu  Initial  Exposure  Sample 
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Figure  4-13  Side  View  Photo  Of  Fe-0.5Cr-0.5Cu  Initial  Expsoure  Sample 
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At  the  end  of  the  fourth  wet/dry  cycle  the  corrosion  products  were  removed  from 
each  sample  and  analyzed  with  XRD.  The  results  of  the  XRD  analysis  are  shown  in  Table 
4-1 .  Full  XRD  spectra  of  these  and  other  XRD  scans  can  be  found  in  Appendix  B. 

Table  4-1  reveals  that  the  corrosion  products  consisted  of  a  binary  mixture  of 
lepidocrocite  and  magnetite.  When  the  effect  of  alloying  elements  are  considered,  it  can 
be  seen  that  copper  additions  favor  the  formation  of  lepidocrocite  over  magnetite,  while 
chromium  additions  have  little  or  no  effect  on  the  relative  fractions  of  lepidocrocite  and 
magnetite  in  the  corrosion  products.  Since  magnetite  is  more  conductive  than 
lepidocrocite,  a  decrease  in  magnetite  fraction  should  lead  to  a  decrease  in  corrosion 
product  layer  conductivity,  and,  thereby,  to  an  increase  in  atmospheric  corrosion 
resistance.  These  results  are  consistent  with  the  results  of  the  oxygen  uptake  experiments 
shown  in  Figures  4-7  through  4-9 

Since  the  results  of  both  oxygen  uptake  and  XRD  studies  have  shown  that  an 
addition  of  0.5%Cr  alone  has  very  little  effect  on  atmospheric  corrosion  resistance  of  iron, 
similar  experiments  were  run  on  iron-chromium  binary  alloys  with  higher  chromium 
concentrations.  The  higher  chromium  concentration  samples  included  Fe-lCr,  Fe-2Cr, 
and  Fe-5Cr.  Time-dependent  oxygen  uptake  curves  for  these  higher  chromium 
concentration  samples  are  shown  in  Figure  4-14,  4-15,  and  4-16,  respectively.  Just  like 
the  lower-chromium  samples,  shown  in  Figures  4-1  and  4-2  these  curves  display  the 
general  characteristics  predicted  by  the  three  stage  model,  as  well  as  the  same  deviations. 
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Table  4-1 
Species  And  Phase  Forms  Present  In  Corrosion  Products 


Alloy 

%lepidocrocite 

%goethite 

%magnetite 

pure  Fe 

66 

not  detected 

34 

Fe-0.5%Cr 

65 

not  detected 

35 

Fe-0.5%Cu 

88 

not  detected 

12 

Fe-0.5%Cr-0.5%Cu 

82 

not  detected 

18 
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Figure  4-17  shows  the  variation  of  drying  time  with  number  of  cycles  for  the 
higher  Cr  alloys.  Unlike  the  lower-chromium  alloys,  the  higher-chromium  samples  all 
show  a  decrease  in  drying  time  with  continued  cycling.  Figure  4-18  shows  the  variation  of 
drying  time  on  the  fourth  wet/dry  cycle  with  chromium  concentration.  Figure  4- 1 8 
confirms  that  there  is  no  significant  trend  in  drying  time  with  chromium  concentration. 

Figure  4-19  shows  the  variation  of  maximum  current  with  number  of  cycles  for  the 
higher  Cr  alloys.  As  shown  in  Figure  4-19,  maximum  currents  do  not  vary  significantly 
with  continued  cycling.  Figure  4-20  shows  the  variation  in  maximum  current  on  the 
fourth  wet/dry  cycle  with  Cr  concentration.  As  can  be  seen  in  Figure  4-20,  chromium  in 
concentrations  of  lw/o  or  more  produces  a  significant  decrease  in  the  maximum  current 
sustained  during  each  wet/dry  cycle.  A  comparison  to  Figure  4-7  shows  that  the  effect  of 
l-5w/o  Cr  additions  are  similar  to  those  produced  by  the  addition  of  0.5w/o  Cu. 

Figure  4-21  shows  the  variation  of  total  per-cycle  oxygen  uptake  with  number  of 
cycles  for  the  higher-chromium  alloys.  As  can  be  seen  in  Figure  4-21,  the  total  per-cycle 
uptake  decreases  with  increased  cycling,  indicating  that  the  corrosion  products  are 
becoming  more  protective  with  continued  cycling.  Figure  4-22  shows  the  variation  of 
total  per-cycle  oxygen  uptake  with  chromium  concentration.  Just  as  in  the  case  of  the 
maximum  current  (see  Figure  4-20),  the  total  per-cycle  oxygen  uptake  shows  a  significant 
decrease  with  the  addition  of  one  to  five  w/o  Cr. 

At  the  end  of  the  fourth  wet/dry  cycle,  the  corrosion  products  were  removed  from 
the  higher-Cr-containing  samples  and  analyzed  with  XRD  in  the  same  manner  as  were  the 
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lower-chromium  samples.  The  results  of  the  XRD  of  the  higher-Cr  samples  is  show  in 
Table  4-2. 

Refering  to  Table  4-2,  the  corrosion  products  on  the  higher-chromium-containing 
alloys  consist  of  a  binary  mixture  of  lepodocrocite  and  magnetite.  When  the  relative 
fractions  of  lepidocrocite  and  magnetite  in  the  samples  with  chromium  concentrations  of 
one  to  five  w/o  are  compared  to  those  of  the  pure  Fe  and  Fe-0.5Cr  samples  (see  Table  4- 
1),  it  is  evident  that  the  magnetite  fraction  is  higher  in  the  higher-chromium  samples. 
Since  a  higher  magnetite  fraction  results  in  a  more  conductive,  and  therefore  less 
protective,  corrosion  product  layer,  it  is  unlikely  that  the  superior  corrosion  resistance 
indicated  by  the  results  of  the  oxygen  uptake  experiments  is  due  to  a  more  protective 
corrosion  product  layer. 

Photographs  of  the  sides  of  each  of  the  three  higher-chromium  samples  were  taken 
at  the  end  of  the  fourth  wet/dry  cycle  and  are  shown  in  Figures  4-23,  4-24,  and  4-25. 
Clearly,  the  coverage  by  corrosion  products  is  much  less  for  the  higher  chromium- 
containing  alloys  than  for  lower-Cr  samples.  This  effect  is  most  obvious  for  the  Fe-5Cr 
sample  shown  in  Figure  4-25.  This  lower  coverage  is  attributed  to  the  more  protective 
oxide  which  forms  on  the  higher  chromium  alloys.  Since  the  naive  oxide  layer  on  the 
higher-chromium  samples  is  thicker  and  more  protective,  there  are  fewer  sites  available  for 
sulfate  nest  initiation,  and  hence,  fewer  sulfate  nests  after  comparable  exposure  times. 
Since  sulfate  nests  constitute  the  areas  of  most  rapid  metal  dissolution,  a  reduction  in  the 
number  of  nests  results  in  an  substantial  decrease  in  the  corrosion  current  for  the  sample. 
The  lower  values  of  maximum  current  and  overall  uptake  seen  in  the  higher  chromium 
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Table  4-2 
Species  And  Phase  Forms  Present  In  Corrosion  Products 


Alloy 


Fe-lCr 


Fe-2Cr 


Fe-5Cr 


%lepidocrocite 


37 


52 


38 


%goethite 


1 


not  present 


%magnetite 


62 


47 


62 


■ 
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Figure  4-23  Side  View  Photo  Of  Fe-lCr  Initial  Exposure  Sample 


89 


Figure  4-24  Side  View  Photo  Of  Fe-2Cr  Initial  Exposure  Sampl 
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Figure  4-25  Side  View  Photo  Of  Fe-5Cr  Initial  Exposure  Sample 


91 

samples  correlate  with  the  smaller  number  of  sulfate  nests,  which,  in  turn,  reflect  the  more 
protective  native  oxide  on  these  alloys. 

From  the  results  of  the  initial  exposure  experiments,  it  is  clear  that,  for  short 
duration  exposures,  copper  and  chromium  behave  quite  differently.  Copper  additions 
appear  to  decrease  the  rate  of  atmospheric  corrosion  by  favoring  the  formation  of  less- 
conductive  reaction  product  species  in  the  rust  film,  while  chromium  merely  decreases  the 
number  of  anodic  sites  on  the  metal  surface    The  presence  of  the  protective,  pre-existing 
film  on  the  chromium-containing  alloys  is  believed  to  account  for  the  superior  atmospheric 
corrosion  resistance  of  these  alloys  in  long  duration  tests  despite  almost  a  complete 
coverage  by  corrosion  products. 

One  Year  Equivalent  Exposure 
Samples  were  exposed  by  alternate  immersion  to  give  365  wet/dry  cycles,  or, 

approximately  one  year's  equivalent  exposure.  After  this  exposure,  the  samples  were 
subjected  to  the  same  oxygen-uptake  tests  as  were  the  initial  exposure  samples.  Alloy 
compositions  included  pure  Fe,  Fe-0.5Cr,  Fe-lCr,  Fe-2Cr,  and  Fe-5Cr   After  the  "one 
year",  alternate-immersion  pre-exposure,  all  samples  were  covered  with  a  continuous  layer 
of  corrosion  products. 

Figures  4-26, 4-27,4-28,4-29,and  4-30,  respectively  show  the  time  dependent 
oxygen  uptake  curves  for  pure  Fe,  Fe-0.5Cr,  Fe-lCr,  Fe-2Cr,  and  Fe-5Cr,  respectively. 
Comparison  with  Figures  4-1  through  4-4  reveals  that  each  curve  conforms  fairly  well  to 
the  curve  shape  predicted  by  the  three  stage  model.  Unlike  the  initial  exposure  samples 
where  the  rate  of  oxygen  uptake  during  stage  II  was  substantially  higher  than  that  of  stage 
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I,  the  oxygen  uptake  rates  during  stage  II  are  similar  to  those  of  stage  I    This  better 
conformity  to  the  three  stage  model  is  believed  to  be  due  to  the  thicker  and  more 
continuous  layers  of  corrosion  products  which  have  formed  during  the  "one  year" 
equivalent  exposure.  During  wetting,  instead  of  forming  a  distribution  of  droplets  on  the 
metal  surface,  condensing  moisture  first  fills  the  capillary  void  spaces  in  the  rust  layer,  and 
then  forms  a  "free"  layer  once  the  pore  spaces  have  been  filled.  As  the  moisture 
evaporates  during  drying,  it  will  do  so  more  of  less  evenly  over  the  surface  of  the  entire 
sample.  Thus,  the  entire  sample  surface  will  reach  stage  III  at  the  same  time,  resulting  in 
an  more  pronounced  difference  in  the  rates  of  oxygen  uptake  during  stages  II  and  III  than 
was  seen  in  the  initial  exposure  samples. 

Figure  4-3 1  shows  the  variation  of  total  drying  time  with  chromium  concentration. 
As  can  be  seen  in  Figure  4-31,  increasing  the  chromium  concentrations  from  zero  to  2.0 
w/o  results  in  a  steady  decrease  in  drying  time.  Increasing  the  chromium  concentration  to 
5.0  w/o,  however,  results  in  an  increase  in  drying  time. 

Figure  4-32  shows  the  variation  of  maximum  current  as  a  function  of  chromium 
concentration.  Increasing  chromium  concentrations  from  zero  to  5  w/o  results  in  a  steady 
decrease  in  the  maximum  current  reached  in  each  wet/dry  cycle.  From  this  result,  it  would 
seem  that  higher  chromium  concentrations  in  the  metal  are  resulting  in  a  corrosion  product 
layer  which  is  either  more  resistant  to  the  passage  of  oxygen,  or  has  a  lower  electrical 
conductivity  (or  both). 
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Figure  4-33  shows  the  variation  of  total  per-cycle  oxygen  with  chromium 
concentration.  Increasing  chromium  from  zero  to  5  w/o  results  in  a  steady  decrease  in  the 
total  per-cycle  oxygen  uptake.  These  results  are  similar  in  form  to  those  seen  in 
Figure  4-32  for  the  variation  in  maximum  current  with  chromium  concentration.  Based  on 
the  results  seen  in  Figure  4-33,  it  is  clear  that  increasing  the  chromium  concentration  in  the 
alloy  results  in  improved  atmospheric  corrosion  resistance  for  exposure  durations 
approximating  one  year  „ 

Table  4-3  shows  the  results  of  XRD  analysis  done  on  each  of  the  "one  year 
equivalent"  exposure  samples.  The  results  of  Table  4-3  show  that  after  the  "equivalent" 
of  one  year,  the  corrosion  products  removed  from  each  sample  consisted  of  a  ternary 
mixture  of  lepidocrocite,  goethite,  and  magnetite    A  comparison  to  the  results  shown  in 
Tables  4-1  and  4-2  show  that,  while  the  fractions  of  magnetite  are  roughly  similar  to  those 
seen  in  the  initial  exposure  samples,  the  fractions  of  lepidocrocite  are  lower  and  the 
fractions  of  goethite  are  higher.  This  result  is  typical  of  iron  and  low-alloy  steels  which 
have  been  exposed  for  long  periods  of  time.  With  continued  wet/dry  cycling, 
lepidocrocite  transforms  to  goethite  through  a  dissolution-reprecipitation  process.30  As 
the  chromium  concentration  increased,  the  ratio  of  lepidocrocite/goethite  increased 
slightly.  This  suggests  that  chromium  is  inhibiting  the  transformation  of  lepidocrocite-to- 
goethite.  However,  this  idea  is  not  consistent  with  the  results  of  the  oxygen  uptake 
experiments  which  showed  that  chromium  was  decreasing  the  overall  conductivity  of  the 
corrosion  product  layer.  Lepidocrocite  is  very  susceptible  to  partial  reduction  on  wetting. 
This  partial  reduction  results  in  a  very  conductive  product  which  can  then  act  a  large 
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Table  4-3 
XRD  Results  For  One  Year  Equivalent  Exposure  Samples 


Alloy 

%lepidocrocite 

%goethite 

%magnetite 

pure  Fe 

9 

62 

29 

Fe-0.5Cr 

16 

56 

28 

Fe-lCr 

16 

54 

30 

Fe-2Cr 

19 

54 

28 

Fe-5Cr 

23 

52 

25 
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surface  for  oxygen  reduction  during  drying    The  goethite  phase  is  much  less  susceptible 
this  partial  reduction.  A  corrosion  product  layer  which  has  a  higher  lepid 
goethite  ratio  will,  therefore,  be  more  conductive  and  should  show  both  a  high 
maximum  current  and  total  oxygen  uptake.  Since  this  was  not  the  case  of  the  high 
chromium  samples,  it  would  seem  that  the  salutary  effect  of  the  chromium  additions  did 
not  include  the  favoring  of  lower  conductivity  corrosion  products. 

Three  Year  Equivalent  Exposure 
From  the  results  of  the  studies  performed  on  the  one  year  equivalent  exposure 
samples,  it  was  clear  that,  chromium,  even  in  concentrations  as  low  as  0.5  w/o  was  having 
at  least  some  beneficial  effect  on  atmospheric  corrosion  resistance   Furthermore,  the 
results  of  the  XRD  studies  showed  that  this  effect  was  not  due  to  the  favoring  of  lower- 
conductivity  corrosion  products    Since  this  effect  was  not  seen  on  the  initial  exposure 
samples,  it  was  clear  that  longer  exposure  durations,  or  higher  numbers  of  wet/dry  cycles, 
were  required  in  order  to  observe  this  effect.  Therefore,  samples  with  the  same 
compositions  were  exposed  for  1095  wet/dry  cycles,  or  three  years  equivalent  exposure. 
At  the  end  of  this  exposure  penod,  the  samples  had  the  same  general  appearance  as  the 
one  year  equivalent  exposure  samples.  Samples  of  all  compositions  were  completely 
covered  with  a  substantial  layer  of  corrosion  products. 

Figures  4-34,  4-35,  4-36,  4-37,  and  4-38  show  the  time  dependent  oxygen  uptake 
curves  for  pure  Fe,  Fe-0.5Cr,  Fe-lCr,  Fe-2Cr,  and  Fe-5Cr,  respectively.  As  with  the  case 
of  the  "one  year  equivalent"  exposure  samples,  the  curves  display  most  of  the  features 
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predicted  by  the  three-stage  model.  The  one  exception  to  this  general  adherence  was  the 
Fe-5Cr,  which  did  not  display  a  stage  III  region. 

Figure  4-39  shows  the  variation  in  total  drying  time  with  chromium  concentration 
for  three  year  equivalent  exposure  samples.  As  can  be  seen  in  this  figure,  there  is  very 
little  correlation  between  chromium  concentration  and  total  drying  time  for  this  exposure 
duration 

Figure  4-40  shows  the  variation  in  maximum  current  with  chromium 
concentration.  The  maximum  current  decreases  steadily  with  increasing  chromium 
concentration. 

Figure  4-41  shows  the  variation  in  total  per-cycle  oxygen  uptake  with  chromium 
concentration.  Just  as  in  the  case  of  the  maximum  current,  an  increase  in  chromium 
concentration  results  in  a  steady  decrease  in  total  per-cycle  oxygen  uptake. 

The  corrosion  products  which  formed  on  the  three  year  equivalent  exposure 
samples  were  removed  and  analyzed  with  XRD.  The  results  of  the  XRD  analysis  of  the 
three  year  equivalent  exposure  samples  are  shown  in  Table  4-4.  Table  4-4,  reveals  that 
the  corrosion  products  consisted  of  a  ternary  mixture  of  lepidocrocite,  goethite,  and 
magnetite.  A  comparison  to  the  results  of  Table  4-3  shows  that,  with  continued  cycling, 
the  magnetite  fraction  remains  constant,  the  lepidocrocite  fraction  drops,  and  the  goethite 
fraction  rises.  Once  again,  this  is  consistent  with  earlier  studies  which  showed  that 
lepidocrocite  transforms  to  goethite  when  subjected  to  wet/dry  cycling.27  As  the 
chromium  concentration  is  increased,  the  magnetite  fraction  remains  more  or  less  constant 
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Alloy 


pure  Fe 


Table  4-4 
XRD  Results  For  Three  Year  Equivalent  Exposure  Studies 


%lepidocrocite 


Fe-l/2Cr 


Fe-lCr 


Fe-2Cr 


Fe-5Cr 


11 


%goethite 


62 


61 


12 


17 


30 


62 


60 


60 


%magnetite 


28 


28 


26 


23 


20 
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while  the  lepidocrocite-to-goethite  ratio  increases  This  is  similar  to  the  results  shown  in 
Table  4-3  for  the  one  year  equivalent  exposure  samples  Once  again,  chromium  appears 
to  be  inhibiting  the  transformation  of  lepidocrocite  to  goethite. 

The  results  shown  in  Figures  4-39  through  4-41  are  similar  to  those  shown  in 
Figures  4-3 1  through  4-33  for  the  one-year  equivalent  exposures    While  having  little 
effect  on  drying  time,  chromium  additions  have  a  significant  effect  on  both  maximum 
current  and  total  per-cycle  oxygen  uptake.  This  suports  the  conclusion  that  with  longer 
duration  exposures  chromium  is  reducing  the  overall  conductivity  of  the  rust  layer  and, 
thereby,  significantly  increasing  atmospheric  corrosion  resistance  (as  indicated  by  a  lower 
total  per-cycle  oxygen  uptake).  However,  these  results  do  not  appear  consistent  with  the 
results  of  the  XRD  studies   From  the  results  of  the  XRD  studies,  it  would  seem  that,  if 
anything,  increasing  chromium  should  result  in  a  higher  conductivity  rust  layer  since  it 
stabilizes  the  more  easily  reducible  lepidocrocite  phase.  It  is  clear  then,  that  the 
mechanism  by  which  the  chromium  additions  contribute  to  increased  atmospheric 
corrosion  resistance  does  not  include  alteration  of  the  phase  form  and  composition  of  the 
iron  corrosion  products  in  the  rust  layer.  A  comparison  of  the  results  of  initial  exposure 
samples  and  those  of  longer  duration  exposures  shows  that  higher  numbers  of  wet/dry 
cycles  are  necessary  for  the  beneficial  effects  of  chromium  to  become  apparent,  especially 
for  samples  with  chromium  concentrations  less  than  1  w/o. 

Since  the  longer  exposure  times  seem  to  be  so  important  for  the  observation  of  any 
salutary  chromium  effects,  additional  tests  were  made  of  the  three  year  equivalent 
exposure  samples    The  first  of  these  tests  included  observation  of  the  products  with  SEM 
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to  determine  whether  or  not  chromium  was  producing  a  noticeable  effect  on  product 
morphology  and  porosity.  Large  pieces  of  corrosion  product  were  removed  from  random 
areas  over  the  entire  surface  of  each  sample  and  observed  With  the  SEM.  The  results  of 
the  SEM  analysis  are  shown  in  Figures  4-42  through  4-46.  Structures  shown  in  each 
photo  are  representative  of  those  seen  over  most  of  the  sample  surface.  With  the 
exception  of  the  Fe-5Cr  sample,  each  area  was  photographed  at  both  100X  and  1000X 
magnifications.  In  the  case  of  the  Fe-5Cr  sample,  the  removed  products  were  too  small  to 
be  observed  at  100X,  so,  magnifications  of  500X  and  1000X  were  used.  As  can  be  seen 
in  Figures  4-42  through  4-46,  the  general  morphology  of  corrosion  products  which 
formed  on  samples  with  0  to  5  w/o  Cr  was  similar.  No  significant  difference  in  porosity  is 
observable.  While  the  corrosion  products  were  being  removed  from  the  sample  surfaces, 
the  adherence  to  the  sample  surface  was  noted.  For  samples  with  chromium 
concentrations  of  0  to  2.0  w/o,  no  difference  in  adherence  could  be  observed    The 
corrosion  product  adherence  on  the  Fe-5Cr  sample  seemed  to  be  lower  than  that  of  the 
lower-chromium  samples,  but  this  could  have  been  due  to  the  smaller  thickness  of  the 
corrosion  product  layer  which  had  formed  on  the  Fe-5Cr  sample. 

The  second  additional  test  performed  on  the  three  year  equivalent  exposure 
samples  was  the  observation  of  the  distribution  of  chromium  in  the  corrosion  products. 
This  was  accomplished  by  cross-sectioning  mounted  samples  and  analyzing  them  with 
WDS  on  the  electron  microprobe.  Low  magnification  (200X)  secondary  electron  images 
were  taken  of  each  interface  in  order  get  an  idea  of  the  porosity  of  the  corrosion  product 
layer  and  the  roughness  of  the  metal  interface.  These  low-magnification  images  are  shown 
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a)  100X  Magnification 


i^SAT 


b)  1000X  Magnification 
Figure  4-42  Pure  Fe  Corrosion  Product 
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b)  1000X  Magnification' 
Figure  4-43  Fe-0.5Cr  Corrosion  Product 
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b)  1000X 
Figure  4-44  Fe-lCr  Corrosion  Product 
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b)  1000X 
Figure  4-45  Fe-2Cr  Corrosion  Product 
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b)  1000X 
Figure  4-46  Fe-5Cr  Corrosion  Product 
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in  Figure  4-47  a-e.  As  can  be  seen  in  Figure  4-47,  all  of  the  corrosion  product  layers 
contained  numerous  cracks  and  voids.  In  order  to  get  an  idea  of  chromium  distribution, 
both  secondary  electron  and  WDS  x-ray  dot  maps  were  taken  at  600X  magnification.  X- 
ray  maps  were  made  using  Fe-Ka,  Cr-Ka,  and  S-Ka  lines    Areas  with  higher 
concentrations  of  the  element  in  question  appear  brighter.  Figure  4-48  a-d  shows 
secondary,  Fe-Ka,  Cr-Ka,  and  S-Ka  images  respectively,  for  pure  Fe    As  would  be 
expected,  the  Cr-Ka  x-ray  map  is  almost  completely  black,  implying  that  only  trace 
amounts  of  chromium  were  present.  The  S-Ka  x-ray  map  is  also  almost  black,  implying 
that  very  little  sulfur  was  present.  Figure  4-49  a-d  shows  secondary,  Fe-Ka,  Cr-Ka,  and 
S-Ka  images  respectively,  for  Fe-0.5Cr.  The  Cr-Ka  x-ray  map  shows  chromium  present 
both  at  the  rust/metal  interface  and  throughout  the  corrosion  product  layer  in 
concentrations  roughly  similar  to  those  of  the  base  metal.  The  S-Ka  x-ray  map  shows 
sulfur  to  be  concentrated  slightly  near  the  rust/metal  interface.  Figure  4-50  a-d  shows 
secondary,  Fe-Ka,  Cr-Ka,  and  S-Ka  images  respectively,  for  Fe-lCr.  As  can  be  seen 
from  the  Cr-Ka  x-ray  map,  chromium  is  present  both  at  the  rust/metal  interface  and 
throughout  the  corrosion  product  layer   Unlike  the  case  of  the  Fe-0.5Cr  alloy,  the 
chromium  is  present  in  levels  higher  than  those  of  the  base  metal  The  chromium 
concentrations  seem  to  be  the  highest  in  small  islands  along  the  rust/metal  interface.  The 
S-Ka  shows  that  sulfur,  like  chromium,  is  concentrated  at  the  rust/metal  interface.  Figure 
4-5 1  a-d  shows  secondary,  Fe-Ka,  Cr-Ka,  and  S-Ka  images  respectively  for  Fe-2Cr.  The 
Cr-Ka  x-ray  map  shows  that  chromium  is  present  both  in  the  corrosion  product  layer,  and 
at  the  rust/metal  interface.  By  comparing  the  brightness  of  the  chromium-rich  areas  at  the 
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a)  pureFe 


b)  Fe-0.5Cr 
Figure  4-47  Secondary  Electron  Image  of  Cross  Section,  200X 
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d)  Fe-2Cr 
Figure  4-47-continued 
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e)  Fe-5Cr 
Figure  4-47~continued 


125 


a)  secondary  electron  image,  600X 


b)  Fe-Ka  x-ray  map 
Figure  4-48    WDS  Analysis  of  Pure  Fe 


126 


c)  Cr-Ka  x-ray  map 


d)  S-Koc  x-ray  map 
Figure  4-48~continued 
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a)  secondary  electron  image 


b)  Fe-Ka  x-ray  image 
Figure  4-49    WDS  Analysis  of  Fe-0.5Cr 
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c)  Cr-Ka  x-ray  map 


d)  S-Kct  x-ray  map 
Figure  4-49~continued 
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a)  secondary  electron  image 


b)  Fe-Ka  x-ray  map 
Figure  4-50    WDS  Analysis  of  Fe- 1  Cr 
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c)  Cr-Ka  x-ray  map 


d)  S-Ka  x-ray  map 
Figure  4-50--continued 
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a)  secondary  electron  image 


b)  Fe-Ka  x-ray  map 
Figure  4-51    WDS  Analysis  of  Fe-2Cr 
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c)  Cr-Ka  x-ray  map 


d)  S-Ka  x-ray 
Figure  4-51 --continued 
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rust/metal  interface  and  in  the  corrosion  product  layer  to  that  of  the  base  metal,  it  can  be 
seen  that  chromium  has  enriched  significantly  The  highest  levels  of  enrichment  are  found 
in  a  pitted  area  of  the  rust/metal  interface   The  S-Ka  x-ray  map  shows  that  the  areas  of 
sulfur  enrichment  coincide  fairly  well  with  those  of  chromium  enrichment.  Figure  4-52  a-d 
shows  secondary,  Fe-Ka,  Cr-Kot,  and  S-Ka  images  respectively  for  Fe-5Cr.  The  Cr-Ka 
x-ray  map  shows  that,  once  again,  chromium  is  present  both  at  the  rust/metal  interface  and 
throughout  the  corrosion  product  layer  in  concentrations  higher  than  those  of  the  base 
metal.  Instead  of  being  present  only  as  islands  along  the  rust/metal  interface,  the 
chromium-rich  areas  now  cover  a  significant  fraction  of  the  rust/metal  interface.  The  S- 

Ka  x-ray  map  shows  that  very  little  sulfur  is  present  either  in  the  corrosion  products  or  at 

the  rust/metal  interface. 

Base  Metal  Electrochemistry 
In  order  to  get  a  basic  idea  of  the  electrochemical  behavior  of  the  iron-chromium 

binary  alloys  in  a  neutral  sulfate  solution,  potentiodynamic  scans  were  run  on  pure  Fe,  Fe- 

0.5Cr,  Fe-lCr,  Fe-2Cr,  and  Fe-5Cr  in  0.05M  Na2S04.  These  appear  in  Figure  4-53 

through  4-57.  Samples  containing  chromium  concentrations  less  than  five  percent  showed 

no  apparant  passivation.  However,  the  Fe-5Cr  sample  showed  a  distinct  active-passive 

transition  at  350mV  SCE  and  a  current-to-passivate  of  350mA/cm2.  These  results  are  not 

consistent  with  those  cited  in  the  literature  survey,  which  showed  pure  Fe  and  Fe-0.5Cr 

alloys  passivating  at  potentials  of  320  mV  to  380  mV  SCE.  This  discrepancy  could  be  due 

to  the  methods  of  sample  preparation  used  in  each  case.  In  the  cited  studies,  the  samples 

were  either  allowed  to  sit  in  air  for  several  hours  before  polarization,  or  were  cathodically 
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b)  Fe-Ka  x-ray  map 
Figure  4-52    WDS  Analysis  of  Fe-5Cr 
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d)  S-Ka  x-ray  map 
Figure  4-52-continued 
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polarized  for  several  minutes  before  starting  the  anodic  sweep.  Both  of  these  two  actions 
could  serve  to  facilitate  passivation. 

Neutron  Activation  \nalvsis  Studio 
In  order  to  confirm  the  results  of  the  WDS  studies,  and  to  get  a  better  idea  of  the 
chromium  distribution  in  the  rust  layer  of  samples  exposed  for  shorter  durations,  samples 
with  chromium  concentrations  between  0  and  2  w/o  were  exposed  for  480  wet/dry  cycles, 
and  their  corrosion  products  analyzed  using  neutron  activation  analysis  (NAA).  As 
described  in  the  experimental  procedures,  a  qualitative  depth  profiling  was  accomplished 
by  removing  successive  layers  of  corrosion  products  with  clear  strapping-tape,  and 
analyzing  for  chromium  the  corrosion  products  lifted  from  the  sample  with  each  tape 
extraction    The  results  of  this  analysis  are  shown  in  Tables  4-5  through  4-7.  On  the  pure 
Fe,  Fe-0  5Cr,  and  Fe-lCr  samples,  it  was  possible  to  remove  four  distinct  layers.  On  the 
Fe-2Cr  sample,  however,  the  corrosion  product  layer  was  so  thin  that  it  was  possible  to 
remove  only  two  layers,  which  are  listed  as  1  and  2,  respectively  in  Table  4-7. 

As  can  be  seen  from  Tables  4-5  through  4-7,  chromium  concentrations  in  the 
corrosion  products  increase  both  with  increasing  chromium  levels  in  the  base  metal,  and 
with  proximity  to  the  metal  interface.  These  results  are  consistent  with  those  of  the  WDS 
studies. 
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Layer  # 

1  (outermost) 


4  (innermost) 


Layer  # 

1  (outermost) 


4  (innermost) 


Layer  # 

1  (outermost) 

2  (innermost) 


Table  4-5 
Cr  Concentration  vs  Tape  Layer  For  Fe-l/2Cr 


Cr  concentration  (mg/g) 


1.769 


2.906 


4.517 


4.911 


uncertainty  (%) 


+/-  3.7 


+/-  3.7 


+/-4.8 


+/-4.7 


Table  4-6 
Cr  Concentration  vs  Tape  Layer  For  Fe-lCr 


Cr  Concentration  (mg/g) 


1.350 


2.720 


4.050 


5.120 


uncertainty  (%) 


+/-  4. 1 


+/-  4. 1 


+/-  4.0 


+/-  4.2 


Table  4-7 
Cr  Concentration  vs  Tape  Layer  For  Fe-2Cr 


Cr  Concentration  (mg/g) 
5.750  ~ 

12.500 


uncertainty  (% 

+/-  4. 1 
+/-  4.0 


CHAPTER  5 
DISCUSSION 

From  the  results  of  the  oxygen  uptake  experiments,  it  is  clear  that,  for  long 
duration  exposures,  chromium  additions  result  in  an  increase  in  atmospheric  corrosion 
resistance  as  shown  by  reductions  in  both  maximum  current  and  total  per-cycle  oxygen 
uptake    Based  on  the  results  of  the  x-ray  diffraction  studies,  it  is  clear  that  this 
improvement  is  not  due  to  a  modification  in  phase  form  or  composition  of  the  corrosion 
products.  Secondary  electron  images  of  both  top  surfaces  and  cross-sections  of  the 
corrosion  product  layer  showed  that  chromium  was  not  assisting  in  the  formation  of  a 
denser,  or  more  adherent  corrosion  product  layer   From  the  WDS  x-ray  maps,  however, 
it  is  clear  that  long  duration  exposures  in  periodic  wetting  environments  result  in 
enrichment  of  chromium  to  levels  much  higher  than  those  in  the  metal  alloy   Based  on  the 
location  of  the  chromium-rich  regions  in  the  corrosion  product  layer,  there  are  two  main 
methods  by  which  the  chromium-rich  areas  contribut  to  the  improved  atmospheric 
corrosion  resistance  displayed  by  these  alloys. 

Chromium-rich  areas  at  the  rust/metal  interface,  if  they  were  continuous  and 
contained  sufficiently  high  levels  of  chromium,  could  result  in  passivation  similar  to  that 
seen  in  stainless  steels.  The  idea  of  passivation  during  drying  has  been  investigated  by 
other  authors  who  found  that  the  high  currents  associated  with  oxygen-reduction  during 
stage  III  exceeded  the  threshold  currents  for  passivation  in  the  electrolytes  present    '    ' 
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Using  the  Kelvin  probe,  Stratmann  and  Streckel  observed  currents  and  potentials 
associated  wrth  an  ac,ive-,o-passive  transition  on  a  drymg,  pure.ir0„  sample.  The  problem 
with  the  "passive  film"  observed  in  these  stndies  was  its  susceptibility  to  reduction  upon 
re-wetting.  On  the  pure  iron  and  low-chromtutn  samples  observed  in  their  studies,  the 
surface  passivated  during  stage  m,  resulting  in  a  limitation  of  current  durmg  that  wet/dry 
cycle.  Upon  re-wetting  and  subsequent  re-drying,  however,  the  samples  exh.bi.ed  the 
same  high  current  levels  as  were  seen  before  passivation.  Partial  reduction  upon  re- 
wetting  rendered  the  passive  films  less  protective,  thus  allowmg  high  currents  to  be  drawn 
as  soon  as  oxygen  became  readily  available.  If  the  passive  films  formed  during  stage  III 
were  resistant  ,„  reduction,  subsequent  cycles  would  no,  result  m  htgh  corrosion  currents. 
Chromium-rich  passive  films  tend  to  be  resistant  to  reduction  in  the  pH's  and  eIecrioly.es 
present  in  SC,-«,n,ami„ated  atmospheric  exposure  environments.  The  presence  of  a 
chromium-rich  passtve  film  should,  therefore,  resuh  in  improved  atmospheric  corroston 
resistance. 

The  formation  of  a  protective  passive  film  would  limi,  the  ra,e  of  metal  dissolution, 
making  i,  the  ra«e-hmi,ing  step   Increasing  ,he  availably  of  oxygen  would  no,,  therefore, 
resul,  m  any  increase  in  corrosion  current  The  time-dependen,  oxygen  uptake  p.o,s  of 
sueh  a  sample  would  no,  contain  a  stage  III  region  a,  all    The  time  dependen,  oxygen 
uptake  curve  of  ,he  Fe-5Cr  ,hree  year  exposure  sample  did  no,  comain  a  stage  III  region 
The  results  of  the  potentiodynamic  experiments  showed  that  this  alloy  was  capable  of 
passivating  m  a  shghtiy-acidic  sulfate  environment   While  the  maximum  current  densities 
measured  during  wet/dry  cycling  were  much  smaller  than  the  threshold  current  densities 
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for  passivation  measured  in  the  potentiodynamic  experiments,  it  should  be  noted  that  the 
maximum  current  densities  measured  from  oxygen  uptake  experiments  represent  an 
average  over  the  entire  sample  surface   Because  of  the  inhomogeneous  nature  of  the 
corrosion  process,  much  of  this  current  was  being  drawn  from  small,  heavily-pitted  areas 
under  the  sulfate  nests.  It  is  probable  that  the  current  density  in  these  sulfate  nests  more 
than  exceeded  the  threshold  current-to-passivate  for  the  Fe-5Cr  "three  year"  exposure 
sample.  The  levels  of  chromium  enrichment  in  deeply  pitted  areas  tended  to  be  higher  than 
that  in  less  heavily  pitted  areas    Since  the  current-to-passivate  decreases  with  chromium 
concentration,  it  is  likely  that  the  lack  of  a  stage  III  region  was  a  result  of  passivation  and 
subsequent  limitation  of  the  rate  of  anodic  dissolution. 

Chromium-rich  areas  in  the  corrosion  products  should  not  be  capable  of  limiting 
anodic  dissolution  since  they  are  several  microns  away  from  the  rust/metal  interface.  It  is, 
however,  possible  that  they  are  limiting  the  oxygen  reduction  reaction    If  the  chromium  in 
the  chromium-rich  areas  formed  a  hydrated,  tri-valent  oxide  or  trivalent  hydroxide  that 
filled  cracks  and  void  spaces  in  the  corrosion  product,  an  effective  barrier  to  oxygen  mass 
transport  would  result.  No  chromium  oxide  or  hydroxide  compounds  were  detected,  j 

however.  If  chromium  substituted  for  iron  in  the  lepidocrocite  lattice  it  would  be  possible 
for  the  chromium  to  modify  the  lattice  parameters  and  electronic  structure,  making  the 
lepidocrocite  less  susceptible  to  reduction  during  re-wetting.  This  theory  is  consistent 
with  the  results  of  the  x-ray  diffraction  studies  which  showed  that  chromium  stabilized 
lepidocrocite. 
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The  coincidence  of  sulfur-rich  and  chromium-rich  regions  in  the  corrosion 
products  presents  a  third  possible  role  for  chromium.  The  coincidence  of  sulfur  and 
chromium  in  the  corrosion  product  layer  is  likely  to  be  due  to  the  formation  of  a  stable 
chromium-sulfur  compound.  Since  sulfates  are  the  most  stable  sulfur  compounds  at  the 
pH's  and  potentials  experienced  on  the  exposed  metal  surfaces,  the  formation  of  a 
hydrated  Cr(III)  sulfate  would  be  likely    If  such  a  compound  were  stable,  it's  formation 
would  effectively  tie  up  sulfate  ions,  and  stop  the  sulfate  regeneration  cycle.  Since  the 
sulfate  ions  not  only  increase  the  conductivity  of  the  electrolyte,  but  also  participate 
directly  in  the  metal  dissolution  reaction,  reducing  their  concentration  should  lead  to  an 
improvement  in  atmospheric  corrosion  behavior   No  such  chromium  compounds  were 
detected,however 


CHAPTER  6 
CONCLUSIONS 

Based  on  the  results  of  this  study,  the  following  conclusions  can  be  made: 


•  Chromium  additions  in  the  range  of  0.5  to  5.0  w/o  significantly  improve 
atmospheric  corrosion  resistance  of  iron  for  both  short  and  long  duration  exposures. 

•  Improvement  in  atmospheric  corrosion  on  short  duration  exposures  is  due  to  the 
presence  of  a  protective  native  oxide  which  limits  formation  of  sulfate  nests. 

•  Improvement  in  atmospheric  corrosion  resistance  for  long  duration  exposures  is 
due  to  enrichment  of  chromium  at  the  rust/metal  interface,  especially  in  deeply  pitted 
areas.  Chromium  enrichment  allows  for  the  formation  of  chromium-rich  passive  films 
which  limit  the  rate  of  the  metal  dissolution  reaction. 
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APPENDIX  A 
SAMPLE  FABRICATION  AND  VERIFICATION 

Suppliers  And  Purities  Of  Pure  Materials 

Table  A-l 


Element 

Supplier 

Purity 

Fe 

Johnson  Matthey 

99.98%' 

Cr 

Johnson  Matthey 

99.99% 

Cu 

Johnson  Matthey 

99.999% 

Average  Compositions  Of  Fabricated  Samples 
Composition  and  homogeneity  were  confirmed  by  analyzing  several  points  across 

the  sample  surface  with  the  electron  microprobe.  The  number  of  points  taken  for  each 

sample  is  indicated  below   Results  of  composition/homogeneity  checks  are  listed  by 

sample  type  in  Tables  A-2  through  A-6  below: 

Table  A-2 
Vacuum-Induction  Melted  Samples  For  Kelvin  Probe  Experiments 


Alloy  (target 
composition  in  w/o) 

#  points  analyzed 

mean  composition 
(w/o) 

standard  deviation 

Fe-0  5Cr 

39 

0.5041 

2.4*  10"2 

Fe-l.OCr 

42 

1.0243 

3.9*  10"2 

Fe-2.0Cr 

40 

2.0830 

7.8*10"2 
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Table  A-3 
Vacuum-Induction  Melted  Samples  For  Oxygen-Uptake  Experiments 


Alloy  (target 
composition  in  w/o) 

Fe-0.5Cr 


#  points  analyzed 


Fe-l.OCr 


Fe-2.0Cr 


Fe-5.0Cr 


13 


12 


13 


Fe-0.5Cu 


Fe-0.5Cr-0.5Cu 


14 


mean  composition 
(w/o) 


standard  deviation 


0.5377 


0.9950 


2.0220 


10 


10 


5.0150 


2.1*10 


rl 


2.3*10 


,-2 


2.4*10 


,-2 


0.5470 


0.5050  (Cr) 
0.5410  (Cu) 


1.7*10 


,-2 


4.2*10 


,-2 


2.2*10-2(Cr) 
4  7*10"2(Cu) 


Table  A-4 
Arc-Melted  Samples  For  Electrochemical  Studies 


Alloy  (target 
composition  in  w/o) 

Fe-0.5Cr 

Fe-1  OCr 

Fe-2.0Cr 

Fe-5  0Cr 


#  points  analyzed 


mean  compositon 
(w/o) 


0.4800 
0.9725 
1  9000 
5.1400 


standard  deviation 


1.8*10': 
9.6*lQ-: 
6.2*10-: 


9.8*10 


,-2 
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Table  A-5 
Large,  Arc-Melted  Samples  For  Long-Term  Cr-Enrichment  Experiments 


Alloy  (target 
composition  in  w/o) 

#  points  analyzed 

mean  composition 

(w/o) 

standard  deviation 

Fe-l.OCr(A) 

24 

1.0558 

5.6*  10-2 

Fe-l.OCr(B) 

24 

0.9800 

2.9*  10-2 

Fe-l.OCr(C) 

25 

1  0040 

7.1*10-2 

Fe-1.0Cr(D) 

25 

1.0707 

6.8*  10-2 

Fe-1.0Cr(E) 

23 

1.024 

1.2*10-' 

Fe-l.OCr(F) 

25 

1.033 

4.0*  10"2 

Fe-0.5Cr(A) 

23 

0.4722 

2.2*  10"2 

Fe-0.5Cr(B) 

23 

0.3009 

2.5*10"2 

Fe-0.5Cr(C) 

25 

0.5300 

2.4*  10"2 

Fe-0  5Cr(D) 

21 

0.5229 

4.3*  10"2 

Fe-0.5Cr(E) 

25 

0.4944 

2.4*10-2 

Fe-0.5Cr(F) 

25 

0.4788 

2.4*  lO-2 

Fe-2.0Cr  (A) 

20 

2.0185 

8.1*10-2 

Fe-2.0Cr  (B) 

25 

1.9874 

9.0*  lO-2 

Fe-2.0Cr  (C) 

20 

2.0358 

1.3*10-' 

Fe-2  OCr  (D) 

25 

1.9472 

1.3*10-' 

Fe-2.  OCr  (E) 

20 

2.0775 

7.7*10"2 

Fe-2  OCr  (F) 

25 

2.0224 

5.2*  10"2 
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Table  A-6 
Small  Arc-Melted  Samples  For  Long-Term  Cr-Enrichment  Experiments 


Alloy  (target 
compositon  in  w/o) 

number  points 

mean  composition 
(w/o) 

standard  deviation 

Fe-0.5Cr(A) 

2 

0.4700 

1.0*  10"4 

Fe-0.5Cr(B) 

2 

0.4750 

2.5*10"2 

Fe-l.OCr(A) 

2 

1.0300 

1.0M0"4 

Fe-l.OCr(B) 

2 

1.0200 

2.0*  lO-2 

Fe-2  OCr  (A) 

2 

2.0050 

3.5*10"2 

Fe-2  OCr  (B) 

2 

2.0400 

6.0*  lO-2 

Fe-5.0Cr(A) 

2 

5.0350 

2.5*10"2 

Fe-5.0Cr(B) 

2 

5.0150 

2.5*10-2 

Microstructures  Of  Samples 
Figures  A-l  through  A-4  show  representative  microstructures  of  different  samples 

used.  Since  formation  of  a  second  phase  is  most  likely  in  the  more  highly  alloyed  samples, 

the  microstructure  of  pure  Fe  ,  Fe-5Cr  induction-melted  samples,  and  Fe-5Cr  and  Fe- 

0.5Cr-0.5Cu  arc-melted  samples  are  shown. 
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f 


Figure  A- 1 
Arc-Melted  Pure  Fe  (40X) 

^| 


Vk'1    ■      j 

W 


Figure  A-2 
Arc-Melted  Fe-5Cr  (40X) 
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Figure  A-3 
Induction-Melted  Fe-5Cr  (20X) 


■is 

... 


Figure  A-4 
Induction-Melted  Fe-0.5Cr-0.5Cu  (20X) 


APPENDIX  B 
X-RAY  DIFFRACTION  SPECTRA 

This  appendix  contains  the  two-theta  vs  intensity  plots  from  the  x-ray  diffraction 
of  corrosion  products.  Each  plot  lists  the  alloy  composition  and  exposure  duration  of  the 
sample  from  which  the  corrosion  products  were  taken. 


154 


155 


M 

m 

HI 

tx 

^ 

0) 

Ai 

ra  * 

■u 

cfl 

<u 

•H 

1) 

ex 

u 

(X 

0 

OJ 

M 

0J 

4J 

U 

4-J 

■H 

c 

•H 

■u 

13 

.£ 

01 

•H 

4-' 

c 

& 

5J 

00 

QJ 

0 

cu 

H    MB 
II      II      II 


u 

3 

•a 

u    o 

s     U 

5-  S 

*  .2 

-  05 
=       C 

*  o 

-  u 


M 

o 
4-1 

B 

3 

4-1 
O 

ft 
w 


5 


-  rt 

!>   V 

-  x 


i r— r 

rooooooooooo 

OO    ODCD^aJOODCDTTCVI 


I       I       1  ■ 

£2.9°°ooooo 
ocDCD'vruoaDCD^roj 


in 


xcu 


o  o  o  o 


a 


o  o  o  o 


156 


3 
or, 

c 

D. 
y 
u 

C 
u 

5 


— 


S3 

u 


00 


u 

— 


I 1 1 1  I  I '  I  I !— 

^OOOOOOOOOO 

ooinoinoinotnom 

T-<  .  . 


f— 

o 

— 1 — 
o 

o 

-7— 

o 

o 

— 1 — 

o 

o 

o 

o 

— !*" 

o 

o 

in 

o 

in 

o 

in 

o 

in 

o 

>r. 

in 


m^^nnoiW'HTio 


157 


in 


O 


in 
n 


o 

CO 


in 


™  2  £°ooooooo 


o 


o 
in 


o 
o 


xcu 


o  o  o  o 


O0D(D^njoSS?w 


in 


C\l     tH     -H     -H     .«-» 


o  o  o  o 


158 


u 


C 

a. 
x 
u 


re 


v 


KJ 
U 

u 

o 


U 
in 

i 
u 


i       i       i       i       t       i       i       i       i       i 

m  oinoinoinoinoin 
orn  woNinwoMnw 
■«* 


r 

oinoinoinoinoin 
inojor^incooi^incu 

CXJOJOJ^t-ii-tT-ioOO 


in 


159 


o 

CD 


O 


f —    o 


= 

V, 

c 
D. 

K 


B 


u 


f)  oooooooooo 
oo  momomoinoin 
■»■* 


-r 


t- 


OOOOOOOOOO 

omomomomoin 


in 


160 


xni  ^  *  «  «  „■  0-  0-  0-  o- 


OCDlD^rwoCDCOvru 

cm  ~  ~  J  „  „  0-  Q-  0-  0- 


161 


3 
to 

O 

a 


J2 

_> 

'5 

>. 
u 


U 

PM 

i 

-L. 


' r— — i 1 — — r- — i   i 

oooooooooo 

CM    O    CD    CD    "V    CU 


OO    03    ID    ^f 


T" 


x  r\i 


t      i      i      i      i      r — p 

oooooooooo 
cu  o  CD  to  v  c\j 


o  o  o  o 


O    CD    CO    V 
C\j    <»*    x-I    ,h" 


IT) 


o  o  o  o 


162 




•*>  oooooooooo 


o 

«*  OOOOOOOOOO 

es^»toinwo)(oin 
ihc\jcucu«h»«^-iooo 


163 


0 

a. 


03 
> 

& 

b> 

83 
4> 
-*^ 

u 

0 

O 


i        i        i        i        l        i        l        l        l        I 

rnoooooooooo 

OO    CDlOVCVJOCOtDTCU 


oooooooooo 

omiovmoiDiDnm 


in 


XCVJ 


o  o  o  o 


CVJ 


o  o  o  o 


164 


O 


in 


- 

x 

u 


> 
u 


3 
D- 


m 


o 
o 


o 


in 

cu 


o 

OJ 


o 

in 


in 
in 


t_    —    o 


ro   o 
oo 

o 

CD 

O 

ID 

O 

o 

OJ 

O 
O 

o 

CD 

O 
ID 

O 

O 
OJ 

o 

CO 


in 


o 


in 
to 


o 

ID 


O 

in 


o 

1 

•<r1 

o 

o 

O 

O 

O 

o 

o 

o 

O 

o 

o 

CD 

ID 

^J 

OJ 

o 

CD 

ID 

T 

OJ 

m 


xoj 


o  o  o  o 


C\J 


o  o  o  o 


165 


0 

o 

a) 

u 

aj 

4-J 

u 

4-1 

■H 

0 

■H 

4J 

•c 

J3 

a) 

■H 

u 

C 

a 

<u 

60 

U 

o 

« 

H 

M 

E 

f  rn  oj  ru  -rn  ^i 


166 


s 

en 
O 
Cl 
v. 


J 

I 

u 

3m 


nS§»oSgS§ggs 


xm  ^  ^  ,,,  m  ^  w'  ^ 


<rt    o 


s§sTs§Tiggg 


ID 


w"nn«ai« 


<rt  o 


167 


in 

0 
Q. 
x 


u 

I 


o 
o 


in 


o 

CO 


in 


o 
cu 


o 
in 


n   o 

i 

o 

o 

o 

j 

o 

o 

o 

o 

o 

o 

oo 

in 

o 

in 

o 

in 

o 

in 

o 

in 

o 
o 


o 

CO 


in 


o 


in 
to 


o 

ID 


in 

in 


o 
in 


xin  t^nnrtoin^o 


oooooooooo 
oinoinotnoinoin 

iD^vnnniwti'Ho 


in 


168 


r— 

n   o 

i 
o 

o 

o 

o 

o 

t 

o 

o 

o 

1       1 

o 

oo 

in 

o 

in 

o 

in 

o 

in 

o 

\n 

x\n  ttnnn(Uti«<o 


oooooooooo 
oinoinoinomoin 

inn-^tncncxjoj-n-T-io 


169 


170 


j 


sSSgggggggg 

xm  ^r  ^»  m  w  cu  oi  -r«  ■**  o 


2S0o°ooooo 
oinotnoinoinBS 

m  t  ^r  n  pj  oi  «',;,;  0' 


in 


171 


rooooooooooo 
oo  inoinoinoinoin 
■^•i 


in 


o 


in 


o 

CD 


in 


o 


o 
in 


o 
o 


oooooooooo 
oinoinoinoinoin 


in 


REFERENCES 
1.  HE.  Townsend  M.  Simpson,  and G.L.  Johnson.  Corrosion  50,  546  (1994). 
2    ME.  Komp,  Materials  Performance,  p.42,  1987. 
3.  ME.  Komp,  FHWA  Forum  on  Weathering  Steel,  1988,  p.  1-10. 

4  ^sxsssssia 

5  iSSZ  H0S01'  K  YUk3Wa-  -d  "  Nait°-  ^  4* In<  Cong.  On  Metallic  Cordon,  September 

6  W  H  Ai,0r-  Atmospheric  Corrosion,  John-Wiley  and  Sons,  New  York,  NY,  1982. 

7.  B.  R.  Meybaum.  andE.  S.  Ayllon,  Corrosion  36,  #7,  50  (1980) 

8.  L.R.  de  Miranda,  CEBELCOR  Rapports  Techniques  125,  #221,  67-75,  October  1974. 

9.  M.  Masuko  and  Y.  Hisamatsu,  Boshoku  Gijutsu  17,  539  (1968). 

10.  I.  Matsushima  and  T.  Ueno,  Corrosion  Science  11,  129  (1971). 

HA  Raman,  A.  Razvan,  B.  Kuban,  K.  A.  Clement,  and  W.  E.  Graves.  Corrosion  42,  447-455  (1986). 

12.  K.  Namura,  and  Y.  Ujihira,  Hyperfine  Interactions  28.  1467  (1986). 

13.  M.  Kowaka,  J.  Satake,  T.  Moroishi,  and  N.  Fujino,  Tetsu-to-Hagane  56,  1342  (1970). 

14.  T.  Mrsawa,  K.  Hashimoto,  S.  Shimodarra.  and  K.  Asanu,  Boshoku  Gijutsu  23,  17  (1974). 

15.  J.  T.  Keiser,  and  C.  W.  Brown,  Corrosion  Science  23,  251  (1983). 

16.  A.  K.  Singh,  T.  Ericsson,  and  L.  Haggstrom,  Corrosion  Science  25,  93 1  (1985). 
"am**  C  Sarag0V1-Badler-  and  F  L*"**,  ftochem.  Rad.oanal.  Letters  36  (1),  49-60 

18.  S.  Rezaie-Serej,  and  DC.  Cook,  Hyperjine  Interactions  41,  701-704  (1988). 

19.  D.  C.  Cook,  Hyperfine  Interactions  28,  891  (1986). 

20.  I.  Matsushima,  and  T.  Ueno,  Corrosion  Science  11.  550  (1971). 

21.  I.  Suzuki,  M.  Masuko,  and  Y.  Hisamatsu.  Corrosion  Science  19,  521  (1979). 

22.  M.  S.  El-Baiouny,  and  S.  Haruyama,  Corrosion  Science  16,  529  (1976 

23.  J.  A.  DobMer,  E.  C.  M.  Herman,  and  J.  H.  W.  DeWit,  Corrosion  Science  33.  #5,  403  (1992). 

M  £  KotZ  B  HCme'  H  FlShmdSter'  S  ^^  "  ^  a»d  U.  Stolz,  Corros,on  Science  29, 


172 


173 


25.  C.  P.  Larrabee  and  S.  K.  Coburn,  "The  Atmospheric  Corrosion  Of  Steels  As  Influenced  By  Changes 
In  Chemical  Composition".  First  International  Congress  On  Metallic  Corrosion.  London  (1961). 

26.  M.  F.  Taylor,  P.  J.  Boden.  and  E.  Holmes,  British  Corrosion  Journal  6.  45-60  (1971). 

27.  J.C.  Hudson,  and  J.  F.  Stanner.  J.  Iron  and  Steel  Inst.  180,  271  (1955). 

28.  X.  Maxwell,  Sb.  Korroziyn  Metallov  I.  M.  Gaskhimizdat  50-60  (1952). 

29.  H.  Schwitter,  andH.  Bohni.  J.  Electrochem.  Soc.  127,  15  (1980). 

30.  T.  Misawa.  K.  Hashimoto,  and  S.  Shimodaira,  Corrosion  Science  14,  131-149  (1974). 

31.  E.  J.  Fasiska.  Corrosion  Science  7,  833-839  (1967). 

32.  K.  Inouye,  K.  Ichimura,  K.  Kaneko.  and  T.  Ishikawa,  Corrosion  Science  16,  507  (1976). 

33.  K.  Inouye.  J.  Colloidal  and  Interfacial  Science  27,  #2  .  407-503  (1968). 

34.  M  Pourbaix,  Atlas  of  Electrochemical  Equilibria  in  Aqueous  Solutions.  Permagon  Cebelcor.  1966. 

35.  P.  B.  Sewell,  C.  D.  Stockbridge,  andM.  Cohen,  J.  Electrochem.  Soc.  108,  #10,  1210-1215  (1961). 

36.  M.  Cohen,  J.  Electrochem.  Soc.  121,  #6  ,  600-610  (1974). 

37.  S.  Haupt,  and  H.  H.  Strehblow,  Corrosion  Science  29,  #2/3,  67-84  (1989). 

38.  D.  Scharnweber,  W.  Forker.  andD.  Rahner,  Corrosion  42,  53-60  (1984). 

39.  K.  J.  Eichhorn.  and  W.Forker,  Corrosion  Science  28,  745  (1988). 

40.  F.  Manseld.  and  J.  V.  Kenkel.  Corrosion  Science  16,  1 1 1  (1976). 

41.  I.  L.  Rosenfeld.  Atmospheric  Corrosion  Of  Metals.  NACE,  Houston.  TX  (1972). 

42.  K.  Barton,  Protection  Against  Atmospheric  Corrosion.  John  Wiley  and  Sons,  New  York.  NY  (1976). 

43.  J.  T.  Jayne,  and  P.Davidovits,  J.  Phvs.  Chem.  94,  6041  (1990). 

44.  J.  Kraft,  and  R.  Eldik,  Atmospheric  Environment  23.  2769  (1985). 

45.  T.  E.  Graedel.  M.  L.  Maudich.  and  C.  J.  Weschler.  J.  Geophys.  Res.  91,  5205  (1986). 

46.  U.  R.  Evans,  and  A.  J.  Taylor,  Corrosion  Science  12,  227  (1972). 

47.  HE.  Townsend,  and  J.  C.  Zoccold,  "Atmospheric  Corrosion  Of  Metals".  S.W.  Dean  and  EC  Rhea 
ed.  p.45-59.  ASTM  Spec.  Tech.  Pub.  767.  ASTM  Philadelphia  (1982). 

48.  B.  Schikorr,  Werk  Korros  14.  69  (1963). 

49.  M.J.  Justo,  and  M.  G.  S.  Ferreira,  Corrosion  Science  29,  1353  (1989). 


174 


50.  B.  N.  Ershler.  Zh.  Fiz.  Khim.  18.  131  (1944). 

51.  M.  Stratmann.  and  H.  Streckel,  Corrosion  Science  30,  697-715  (1990). 
52    I.  L.  Rozenfeld.  and  K.  A..  Zhigalov,  Dokl.  A.  N.  SSSR  91,  15  (1953). 

53.  U.  R.  Evans,  Trans.  Inst.  Met.  Finish.  37,  1  (1960). 

54.  U.  R.  Evans,  Nature  206,  980  (1965). 

55  M.  Stratmann.  K.Bohnenkamp,  and  T.  Ramchandran,  Corrosion  Science  27.  905  (1987). 

56.  J.  Muller.  Diplomarbeit.  Dusseldorf  (1988). 

57.  J.  Muller.  Dissertation.  Dusseldorf  (1989). 

58.  M.  Stratmann.  K.  Bohnenkamp.  and  H.  J.  Engell.  Corrosion  Science  23,  969  (1983). 
60.  J.  Dunnwald,  A.  Otto.  Corrosion  Science  29,  1167  (1989). 

59.  M.  Stratmann.  and  K.  Hoffmann,  Corrosion  Science  29,  #1 1/12.  200-227  (1989). 


BIOGRAPHICAL  SKETCH 

Laura  Wurth  was  born  on  July  4,  1967,  in  Alexandria,  Virginia.  She  received  her 
bachelor's  degree  in  materials  science  at  the  University  of  Florida  in  1 989.  She  began 
graduate  studies  at  the  University  of  Florida  that  same  year.  She  received  her  M.  S 
degree  in  materials  science  in  1992.  While  pursuing  both  master's  and  doctoral  degrees 
she  worked  as  a  research  assistant  in  the  corrosion  group  in  the  Department  of  Materials 
Science  and  Engineering. 


175 


I  certify  that  I  have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Ellis  D.  Verink,  Chairman 
Distinguished  Service  Professor  of  Materials  Science 
and  Engineering 


I  certify  that  I  have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Robert  T.  Dehoff 

Professor  of  Materials  Science  and  Engineering 


I  certify  that  I  have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Paul  Holloway 

Professor  of  Materials  Science  and  Engineering 


I  certify  that  I  have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


fames  Winefordher 
raduate  Research  Professor  of  Chemistry 


I  certify  that  I  have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a  dissertation  for  the  degree  of  Doctor  of  Philosophy 


John  Ambrose 
Associate  Professor  of  Materials  Science  and 
Engineering 


This  dissertation  was  submitted  to  the  Graduate  Faculty  of  the  College  of 
Engineering  and  to  the  Graduate  School  and  was  accepted  as  partial  fulfillment  of  the 
requirements  for  the  degree  of  Doctor  of  Philosophy. 


December,  1995 


£. 


c^> 


Winfred  M.  Phillips 

Dean,  College  of  Engineering 


Karen  A.  Holbrook 
Dean,  Graduate  School 


LD 
1780 

•     5 


tiiyyentrr 


U?mEk2*«3A 


3  n*2  ofi^njw 


Hit/ 


^ 


